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ABSTRACT 


The main focus in the design of the next generation combatant, DD(X), is the US 
Navy’s proposed Integrated Power System (IPS) which includes an all-electric propulsion 
drive system. The reduction of current waveform harmonics is critical in combatant 
propulsion systems such as the IPS. One method of reducing the current harmonics is to 
utilize a multi-level converter topology. The multi-level converter, as compared to a 
standard converter, features low dv/dt losses and low switching losses. This thesis 
examined the design, construction and testing of two multi-level converters operated in 
tandem, called a Cascaded Multi-Level Converter (CMLC). A digital logic switching 
circuit was designed and constructed to control the CMLC during the operational testing 
phase. The CMLC was demonstrated in a three-phase high-voltage configuration with 
178.5 volts zero-to-peak voltage and 2.10 A zero-to-peak current achieved using an R-L 


load. 
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EXECUTIVE SUMMARY 


The U.S. Navy is investing in the development of a ship power generation and 
utilization architecture that builds on experience in the commercial marine market and 
adapts commercial technology to the military combatant ship application. This 
architecture is the backbone of the U.S. Navy’s Integrated Power System (IPS) program 
and it is to be implemented in the next generation of combatants designated the DD(X) 
family of ships. The major aspect of this IPS is the proposed all-electric propulsion drive 
where a large portion of the total electric power generated is converted into an 


appropriate form that can effectively drive large propulsion induction motors. 


Reduction of current waveform harmonics is critical in propulsion systems such 
as IPS. An all-electric ship’s acoustic signature is related to shaft torque which in turn is 
related to motor current harmonics. Although all-electric propulsion drives are mature 
systems in the commercial marine industry, commercial converters do not produce the 
desired waveform fidelity that is crucial in a military architecture. Current waveform 
harmonics can be reduced by controlling a converter with pulse-width modulation 
(PWM) but at high power, PWM switching frequencies are limited to about 1.5 — 2 kHz 
since higher frequencies produce sharp waveform edges that create EMI and motor 
insulation issues. Another method of reducing current harmonics is to utilize a multi- 
level converter topology; a concept whereby the converter topology allows additional 
motor phase voltage levels than with a conventional converter. The purpose of this 
thesis was to document the design, fabrication and testing of a Cascaded Multi-Level 


Converter (CMLC). 


The CMLC is a circuit comprised of inter-connected power transistors and diodes 
as shown in Figure E-1. By sequentially changing the level of the circuits DC input 
voltage, the converter produces a quasi-desired AC sinusoidal waveform. The CMLC 
consists of the following sub-sections/stages: input DC Link voltage, power unit 
modules, power diodes, and switching circuitry. The power unit module, shown in 


Figure E-2, consists of the following components: a gate driver circuit board, a power 


xi 


transistor (IGBT) with accompanying snubber circuit card and heat sink material. The 
gate driver circuit board provides an ‘on’ or ‘off’ gating signal to the IGBT as prescribed 


by the digital logic switching circuitry. 














PR 








Figure E-2: The Power Unit Module 
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The design of the CMLC sections was initiated by a selection of components 
based on the converter specifications shown in Table E-1: 


Table E-1: CMLC Specifications 





























Specification Value 
Input Power 240 V/10A 
Input Capacitance Rated 300 V or greater 
Transistor Voltage (Blocking) 1200 V 
Transistor Current (Collector-to-emitter) 25A 
System Cooling Finned Type Heat Sinks 





The construction of the gate driver circuit card, IGBT snubber circuit card, and the power 
supply operational amplifier (power input to the gate driver circuit card) were carried out 
by populating copper-cladded insulation board with the pre-selected components. Post- 
construction tests were conducted on the power supply operational amplifier and each 


power unit module prior to the construction of each converter phase. 


Alternate transistor switching techniques are presented in this thesis: the sine- 
triangle pulse width modulation and space vector modulation. A digital logic switching 
circuit was ultimately implemented to ensure easier troubleshooting of the converter 
hardware during testing. Advanced Boolean Expression Language (ABEL) software was 
used in the programming of the digital logic circuit devices or programmable logic 
devices (PLDs). A thorough test of the resultant circuit verified switching signals 


capable of producing a balanced set of three-phase voltages. 


Detailed testing of the CMLC was conducted in the NPS power laboratory. Each 
CMLC phase was tested at low voltage/low current (40 V zero-to-peak and 0.5 A zero-to- 
peak) conditions to ensure for proper operation and then a two-phase test was conducted 
to ensure the digital logic circuit produced properly phased output waveforms. Figure 
E-3 shows the circuit configuration during the low-voltage testing phase. A final high 


voltage/high current (200 V zero-to-peak and 2.2 A zero-to-peak) test was then 


Xlll 


conducted. Figure E-4 is a digital image of the three-phase current output. This testing 


revealed the CMLC operational results were in agreement with expected values. 


This research documented the design, construction and testing a CMLC. 
Possible areas for future CMLC research include analysis of propulsion shaft noise and 
analysis/implementation of various switching techniques. Continued research in this 
dc-ac converter is vital for the future of the U.S. Navy’s next breed of combatant ship 
because CMLC technology offers high power conversion with reduced or eliminated 


current waveform harmonics. 
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Figure E-3: Testing Configuration (Low Voltage/Low Current Condition) 
[From Ref. 6.] 


X1V 


Tek Running: Autoing 


A: 48.8mV 
@: 23.2mv 


TS. omy “TS omv ‘Sodus Cnt 7 Trem 
6. oniv “Ee hone ar So0us Chit Tiomv 30 May 2003 
08:29:29 





Figure E-4: Three Phase Current Output with Current Probe @ 1.0 A/DIV 
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I. INTRODUCTION 
A. POWER REQUIREMENTS FOR NEXT GENERATION SHIP 


With the dissolution of the Soviet Union and the emergence of the war on 
terrorism, the Department of Defense is challenged to both scale back expenditures and 
produce “transformative” technologies. It has never been more important to develop 
ships and systems that are cost effective, operationally robust and minimally manned. 
Presently, U.S. Navy ships are configured with a varied array of mechanical and 
electrical systems which are independent in nature and in some cases create unnecessary 
redundancy that degrades fuel efficiency. For example, the Navy’s conventional 
propulsion drive train transfers energy to the drive shafts via a reduction gear; at no time 
during operation is this prime mover “propulsion” energy made available for other ship 
systems. Both fuel efficiency and manpower requirements represent major factors in the 
Total Operating Cost (TOC) of naval ships and systems. In order to cut back total 
operating costs, U.S. Navy ship design must dramatically move beyond conservative 
constraints. 

One major change in ship design surrounds the electrical power system; the U.S. 
Navy is targeting an all-electric ship where all major systems including propulsion, 
aircraft launching and futuristic weapons would be electrically powered [1]. The Navy is 
calling such an arrangement the Integrated Power System (IPS). Figure 1-1 is a diagram 
of the representative system showing a prime mover and generator set providing power to 
a propulsion motor unit as well a providing power to ship service loads via a power 
conversion module. The IPS would effectively unlock the substantial mechanical power 
originally dedicated only to propulsion and distribute it to other large power consumers 
as necessary. 

The new architecture for this IPS builds on commercial ship technology that has 
been in place for many years. The robust and mature commercial marine systems have 
realized significant fuel savings for the shipping industry throughout the world by more 
efficiently loading prime mover engines. The motivation to proceed with this IPS design 


has many factors: it will reduce the number of prime movers, produce fuel savings, 


reduce maintenance, allow a reduction in manning and offer a platform that will support 


new technology weapons. 
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Figure 1-1: General Concept of the Integrated Power System [From Ref. 1.] 


The IPS must produce higher amounts of power to support all loads including 
future demands. This need for higher installed power taxes the capability of current 
energy conversion and power delivery systems. Although high-power systems are 
common in the commercial ship fleet, military requirements make the research and 
design efforts more complex. Low electrical signatures, non-interference and damage 
tolerances are key factors that must be addressed to make this all-electric concept feasible 
for use in a military architecture. Specifically, in the propulsion drive portion of IPS, the 
challenge is tapping large amounts of electrical power from a mechanical power source 
and converting that power into the appropriate waveforms that will run an electric 
propulsion motor. The key power conversion issue is the reduction or elimination of 
current-waveform harmonics and, thus, torque harmonics. Current-waveform harmonics 
at high power levels create noise exceeding military acoustic requirements and 


necessitate inverter de-rating, implying a larger and heavier propulsion unit [1]. 


B. OVERVIEW OF CURRENT RESEARCH FOR ALL ELECTRIC SHIP 


This section offers an overview of some of the research currently underway to 
support the realization of IPS in U.S. Navy ships. Research for the IPS is being fueled 
by the push to move the Navy’s DD(X) program (the future navy warship) from 
chalkboard or view-graph to the actual cutting of steel or the forming of composite 
materials in the shipyard. The Navy formed two teams consisting of major shipbuilders 
and weapon system contractors and had them compete for the design of the proposed 
DD(X) family of ships. This method of procurement represents a major change in the 
way the government purchases systems. Through competition, they endeavor to achieve 
an optimal product while saving design, engineering and research overhead costs. 

With a major shipbuilding program of this magnitude and scope underway, there 
is much research in progress that supports future systems. In the area of weapon systems, 
the all-electric rail gun and directed energy weapons are high priority systems. In the area 
of power distribution, the Navy is actively investigating the implementation of a hybrid 
ac and de zonal distribution system. No matter what the ship service load is or how it is 
distributed, the IPS architecture must include a high efficiency dc-ac converter and a 
compact yet powerful propulsion motor. 

A large portion of propulsion motor and dc-ac converter research is being 
conducted at the IPS Land Based Engineering Site (LBES), located at NAVSESS 
Philadelphia, Pennsylvania. Major components for testing include a 21.6 MW generator, 
a 19 MW propulsion motor and converter and a 2 MW ship service distribution system 
[2]. The prime contractor, Lockheed Martin Ocean Radar and Sensors Division, 
Syracuse, NY, is handling integration and development of the supervisory control system. 
Another team, headed up by Dr. Keith Corzine of the University of Wisconsin, built and 
are currently testing a small proto-type 30-kW multi-level converter. It is in this latter 


area of research and testing that this thesis research effort is focused. 


C; THE MULTI-LEVEL CONVERTER VS. THE CASCADED MULTI- 
LEVEL CONVERTER 


Figure 1-2 shows a standard diode-clamped multi-level converter consisting of a 
DC-link voltage (va) and capacitors as input for the three-phase bank of power transistors 
which, when sequentially gated ‘on’ and ‘off,’ convert the input voltage into an ac-signal 
for the three-phase inductive load [3]. The use of a multi-level converter is one method 
of reducing current waveform harmonics at high power. The multi-level converter 
produces more phase voltage levels than a standard dc-ac converter drive. It is the 
increased number of output voltage levels that leads to improved harmonic content in the 
converter waveforms. This increase in voltage levels is achieved with a much lower 
semiconductor device switching frequency; therefore there are lower switching losses. 
Multi-level converters produce lower voltage transients (dv/dt) which greatly reduces 


common-mode currents and stresses on motor insulation. 





Figure 1-2: Three-level Multi-Level Converter [From Ref. 3.] 


Multi-level power conversion has become popular due to the advantages 
described above; however, the primary disadvantage of a multi-level converter is the 
large number of semiconductor devices that are required in its construction. 


Semiconductors themselves are not overly expensive. It is the gate-driver circuits that 


operate each transistor that are expensive and make the mechanical layout more 
elaborate. 

A new type of multi-level converter (MLC), the cascaded multilevel converter, 
has been proposed which is constructed from two multi-level converters [4]. The main 
advantage of the cascaded converter over the standard multi-level converter is that it 
offers more non-redundant switching states per number of active semiconductor devices, 
thereby improving converter performance and decreasing converter costs. A cascaded 
MLC is illustrated in Figure 1-3 [4]. In this figure, two dc-voltage sources supply the 
upper and lower input capacitors. The three-phase motor load ground is split-out and the 
three leads are connected to the output phase terminals in the lower level creating a wye- 


to-wye topology. 
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Figure 1-3: A Cascaded Multi-level Converter [From Ref. 4.] 


D. THESIS GOAL 


The purpose of this thesis research is to thoroughly document the design, 
development and testing of a reduced-scale prototype cascaded multi-level converter 
(CMLC). Multi-level conversion is clearly a major research and development 
component in the Navy’s quest to implement IPS. Completed work and products from 
this thesis will augment the technical resources of the NPS Power Systems Laboratory 


and support future thesis projects directed by NAVSEA 05 resource sponsors. 


E. THESIS OVERVIEW 


Chapter II provides a description of the cascaded multi-level converter and it 
outlines specifications required to select components for the converter. Chapter III is a 
detailed description of the selection of components. Chapter IV contains an explanation 
of the design and construction of the converter. The design and construction of the 
converter’s digital logic controller section is described in Chapter V. Chapter VI 
documents the testing of the cascaded multi-level converter and Chapter VII provides 
thesis recommendations and conclusions. The last section consists of appendices 


containing information that supports the technical discussion presented in the chapters. 


I. CONVERTER DESCRIPTION AND SPECIFICATIONS 
A. PURPOSE 


This chapter provides a description of the Cascaded Multi-Level Converter 
(CMLC) that is reported on in this thesis. Also, this chapter includes a discussion of the 
specifications for the equipment and systems that are used in the design, development and 


operation of the CMLC. 


B. DESCRIPTION OF CMLC 


In this sub-section, a description of the CMLC is provided. The purpose of the 
converter is to process a DC voltage signal into an AC voltage signal. Figure 2-1 shows a 
general overview of the process as required shipboard. As shown, a source generator 
produces an AC voltage signal. This signal is then rectified by an ac-dc voltage 
conversion module resulting in a DC-link voltage. The CMLC Switching Transistor 
section, controlled by switching logic/driver circuit components, takes the DC-link 
voltage and produces a multi-phase AC signal to be utilized to power a multi-phase AC 


load. 


Figure 2-1: Overview of DC-AC Conversion Process 


The CMLC switching transistor network, switching logic and driver circuit 
modules comprise the emphasis of this thesis research. Figure 2-2 shows one leg of a 
three-phase CMLC. It is a network made up of an upper and lower bank of transistors 


(T; thru T4 and T,x thru T4x). The banks are connected to the load at points ‘x’ and ‘xx.’ 
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Current may flow from the top rail, through the load, and return via the negative rail of 
Vac2, or it may flow from the top rail of Vac2, through the load and return via the negative 


rail of Vac. 
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Figure 2-2: One Leg of the CMLC [From Ref. 3.] 


The CMLC also consists of input capacitors and diodes necessary to realize the 
additional output voltage levels, labeled D1, D2, Dix and D2x. The input capacitors 
effectively divide the DC link voltages between nodes j0 and j2 and jOx and j2x into Vac1 
and Vac2, respectively. With this DC-link voltage division, the voltage level at each upper 


and lower portion of the converter can be switched to either 0 volts, to one-half the DC- 


link voltage or to the full DC-link voltage level. Since the output voltage level is dictated 
by 

Vip =V, Vins (2.1) 
the CMLC can create nine different voltage combinations as will be shown. As the 
CMLC is switched between each voltage level, the diodes (D:, D2, Dix and D2x) are 
biased ‘off? and ‘on’ in a manner that connects the appropriate voltage level to the output 
leg. 

The CMLC topology adds flexibility to the design for the operator. By varying 
the DC-link voltage levels to the upper and lower levels of the converter, different 
voltage levels can be achieved. The maximum amount of voltage levels, for any given 
CMLLC, is achieved by making the lower dc voltage (va-2) a certain percentage of the 
upper dc voltage (vac). This ‘maximum voltage level’ percentage is determined by using 
[4] 

Vis n,—1 


= (2.2) 
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where 7, is the number of levels for the upper converter while n, is the number of levels 
for the lower converter. The converter in Figure 2-2 combines two three-level 
converters, thus the ‘maximum voltage level’ percentage is 
a re 
va BG) 3 
For any given CMLC, the maximum amount of voltage levels is determined by [4] 
ni(max) =(n,)(n,), (2.3) 
thus, the maximum number of voltage levels that can be obtained by the CMLC in Figure 


2-2 is 





nl(max) = (3)(3) =9. 
Table 2.1 illustrates the different voltage levels that can be achieved with the 
CMLC. Sx and Sxx represent the transistor states for each converter. For example, Sx = 1 
implies that T2 and T3 (Figure 2-2) have been gated whereas Sxx = 2 means that T), and 


T2x have been gated. The term ‘E’ is the basic voltage level for the converter; more 


specifically it is the voltage across one input capacitor of the lower converter. Vx is the 
upper converter voltage level and Vxx is the lower converter voltage level. Vxs is the 


output voltage. Table 2.1 represents the condition where V,,,, =3V,,., and V,., =2E. 


To obtain an ac sine-wave as an output, the transistors on each level of the 
converter must be gated in a sequential manner. The gating of each transistor must be 
carried out using a gate-driver circuit, which in turn is controlled by a switching logic 
algorithm. The gate driver and the switching logic method are two critical and complex 
parts of the overall CMLC system. Figure 2-3 is a block diagram that gives an overview 
of the key elements of the converter design. It is this system that will be emphasized in 


the ensuing chapters. 
































Sx Sxx Vx Vx Vxs Sxs 
0 2 —3E 1E —4E 0 
0 1 —3E OE —3E 1 
0 0 —3E —-1E —2E 2 
1 2 OE 1E —-1E 3 
1 1 OE OE OE 4 
1 0 OE —1E 1E 5 
2 2 3E 1E 2E 6 
2 1 3E OE 3E a 
2 0 3E —1E 4E 8 


























Table 2.1: CMLC Voltage Levels 


Before specific components and systems can be identified to document the design 
and construction of each section depicted in Figure 2-3, a thorough description of the 
CMLC system specifications must be established. Figure 2-3 is an overview of the 
CMLC. A DC-link voltage is generated and then placed across the input terminals of the 


converter. The input terminals consist of input capacitors and voltage-level diodes which 
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allow the converter to effectively divide the input DC voltage and develop various 
voltage levels. A switching logic section controls a gate-driver circuit which controls the 
power transistors thus allowing the input DC voltage be shaped into the desired AC 


waveform that is supplied to the load. 


Figure 2-3: Overview of the CMLC System 
C. SPECIFICATIONS 


The following subsections describe the key specifications for the CMLC: input 
power, input capacitance, power transistor voltages and current capacitiesO, power 
transistor protection, power source for the gate-driver circuit, the system switching 
frequency and load and system cooling. 

1. Input Power 

There are various methods of rectifying the ac from the generator to obtain the dc 
necessary for the input to the propulsion converter; once established, this voltage is 
dubbed the dc-link voltage. The dc-ac CMLC then utilizes the dc-link as an input and 
provides the load with the necessary phase-shifted variable frequency waveforms. At 


NPS, a 208 V, 25 A, 3-phase variac, uncontrolled rectifier bridge and 10 mF of filtering 
ig) 


capacitance are used to establish the dc-link for the upper level of the CMLC. The lower 
level of the CMLC is fed by a single-phase, 115 VAC input voltage, 0-240 VDC output 
voltage ‘Powerstat.’ 

2. Input Capacitance 

The CMLC is designed to operate at various switching frequencies while drawing 
current from the dc-link voltage source. It is crucial to ensure that the input voltage 
source remains at a consistent voltage level during operation. A bank of series-connected 
capacitors with sufficient capacitance will ensure that the input voltage level remains 
constant, as well as dividing the dc-link voltage to the prescribed number of voltage 
levels. These capacitors are required to be rated at 300 VDC or greater based on the de- 


link voltage specification described above. 


3. Power Transistor Voltage and Current Capacities 

The power transistor that is used for the circuit in this thesis research effort is an 
Insulated Gate Bipolar Transistor (IGBT). An IGBT is a device that combines the 
features found in a Bipolar Junction Transistor (BJT) and in a Metal-Oxide- 
Semiconductor Field Effect Transistor (MOSFET). BJTs have lower conduction losses 
during the ‘on’ state, especially in devices with larger blocking voltages, but have longer 
switching times, especially at ‘turn-off.’ MOSFETs can be turned ‘on’ and ‘off’ much 
faster, but their on-state conduction losses are larger, especially in devices rated for 


higher blocking voltages [5]. 


a. Transistor Voltage 


The IGBT is operated in two states: the blocking state and the conduction 
state. Manufacturers of these power transistors rate the IGBT by the amount of voltage 
the transistor can ‘block’ when it is in the blocking state. This voltage is measured across 


the collector and emitter nodes and it is labeled V,,. A review of the IGBTs available 
revealed transistors with V_, voltages rated at 1200 V in small chip form and in large 


package types. Therefore, the blocking state voltage requirement was not a restrictive 
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design or budget factor, instead it is the current rating through the device that determined 
the frame-size utilized for the converter design. 

b. Transistor Current 

The most critical design specification for the IGBT is the collector-to- 
emitter current. It is this specification that relates directly to the packaging type and size 
of the device. Transistors with a low current rating are in chip form while transistors 
rated for large currents (300 to 600 A) are packaged as large blocks of semiconductor 
material with large heat sink areas and heavy duty connectors. In the interest of budget, 


the specification set for the collector-to-emitter current of the device was 25 A. 


4. Power Transistor Protection 

Power semiconductor transistors are subject to the problem of over-voltage during 
the switching on and switching off of the device. A common solution that mitigates this 
problem is the installation of resistor-capacitor-diode (RCD) snubber circuit [6]. 
Transient over-voltages are addressed by diversion of the energy in the stray inductance 
to the snubber capacitor during turn-off; the snubber circuit does not address static over- 
voltages. However, it was found through laboratory tests that static over-voltages were 
minor compared to transient over-voltages. The snubber capacitor size is based on the 
energy stored in the stray inductance; the snubber resistor is sized by considering the 
narrowest pulse in the PWM algorithm and the snubber diode must be a fast type with 


soft recovery. 


5. System Switching Frequency and Load 

The load that the CLMC will drive during operational testing will mimic the 
steady-state characteristics of an induction motor. In order to achieve this simulation, a 
large inductor in series with a bank of resistors was utilized. The inductor and the 
switching frequency determine the impedance of the load as well as govern the phase 
angle of the output current. The relationships between inductance (Z) and the switching 
frequency (f) are [7] 

X =2rfL, (2-4) 
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Z=R+ jX, (2-5) 


xX 
6 =tan'| — |, D6 
(4) (2-6) 
and 
= ae (2-7) 
|Z|Z0 
6. Power Source for the Gate Driver Circuit 


A specification for the power source that drives the transistor gate driver circuit is 
that it must be completely isolated from the rest of the circuit in order to avoid a ground 
fault during the operation of the converter. A review of the available gate driver circuits 
with independent power supplies revealed many capable designs; however, the 


prohibitive costs of each precluded their application in this project. 


Te System Cooling 

The heat generated by each component in the CMLC is dependent on the current 
that the device is carrying. The specification of 25 A for the transistor collector-to- 
emitter current allowed the procurement of all circuit devices in chip form. This in turn 
set the requirement for heat sink material to be the “finned” metal type capable of being 


affixed to the heat sink area of each device frame. 


D. SUMMARY 

This chapter described the purpose and operation of the CMLC. Also, 
specifications were set for all the systems and components that are used in the design and 
operation of the CLMC. Identifying the specifications was a crucial step towards the 
design of the converter and recognizing what components were needed to be procured. 
The next chapter documents in detail the design considerations and the selection of 


components for the converter. 
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It. COMPONENT SELECTION 


A. PURPOSE 
The purpose of this chapter is to document the component selection for the design 


and building of the CMLC circuit. 


B. COMPONENT SELECTION FOR THE CONVERTER SECTION 

The following sub-section describes the component selection of the input-voltage 
capacitors, the voltage-level diodes, the IGBT and the protective snubber circuit and the 
resistor-inductor load. Figure 3-1 shows the upper level of the CMLC provided to 


enhance the description of this component selection. 
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Figure 3-1: Upper Level of the CMLC 
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1. Input Voltage Capacitor 

As discussed in Chapter II, the input voltage to the converter requires substantial 
capacitance to divide the dc-link voltage into the prescribed number of voltage levels and 
to ensure the voltage level remains constant during operation. The capacitor chosen for 
this role was the Mallory Type-CGH Computer-Grade capacitor. These capacitors are 
rated at 1000 uF, 450 VDC, and have a high ripple current capability. 


2. Voltage Level Diodes 

High-voltage power diodes are required for the converter to switch 
instantaneously through its available voltage levels and maintain the proper voltage level 
prescribed during transistor sequencing. The POWEREX Fast-Recovery Single-Module 
diode was selected. This device, rated at 50 A of forward current and a maximum 
reverse voltage of 1200 V, meets the requirements and specifications set in Chapter II. 
The diode is pictured below in Figure 3-2 and the device’s specification sheet is included 


in Appendix A. 





A 


Figure 3-2: The POWEREX Fast Recovery Diode [From Ref. 13.] 


3. IGBT 

The selection of the IGBT was mainly budget driven. The relatively low cost 
International Rectifier IRG4PH50KD IGBT was selected. The IRG4PH50KD IGBT is 
constructed with an ultra-fast soft recovery diode. The device is rated at Vces= 1200 V 
and Vz = 15 V. For operation in the on-state, the collector current is rated at 24 A. Most 


importantly, the IGBT combines low conduction losses with high switching speeds. The 
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‘Turn Off Delay’ time is 140 ns and the ‘Turn On Delay’ time is 67 ns. These ratings 
fully support the specification limits addressed in Chapter II. 


4, IGBT Snubber Circuit 

As discussed in Chapter II, the IGBT requires protection from transient over- 
voltages induced by stray inductance. An RCD snubber circuit, Figure (3-3), was 
designed and built to perform this protective function. The key circuit parameter that is 
needed for calculating the values of the snubber circuit components is the stray 


inductance. A typical value of stray inductance is approximately 100 nH [1]. 




















Figure 3-3: RCD Snubber Circuit 


Equating the energy of the snubber capacitor to the stray inductance and solving for 


C results in 


I 


Cee (=) | G-1) 


In Equation 3-1, 7 is the peak current in the IGBT and V is the desired voltage after 
turn-off. Expected maximum values for J and V are 25 A and 60 V, respectively. With 
these values, C =0.01736 uF. Therefore a 0.018 wF, 630 V, polypropylene capacitor 
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was selected as the snubber capacitor. The next step was the calculation of the snubber 
resistor value. The entering argument for this calculation is the determination of the 


smallest time value between transistor turn-off and turn-on. A conservative value of 


tim = 1s was chosen. The equation for the resistor value is 
R= inn (3-2) 
5C 


Using Equation 3-2, the required value of R is 10 Q [5]. 
The power requirement for the resistor is found by using [5] 


PR=sOV* fy 3) 


At a high switching frequency of 20 kHz, the power rating of the resistor should be 11.2 
W or higher. Due to load constraints, the actual switching frequency of the CMLC is 
approximately 225 Hz. Therefore, the resistor chosen for the circuit, a 10-ohm, 25-watt 
device is a conservative choice. 

The requirement for a fast type with soft recovery diode was fulfilled using the 


International Rectifier HEXFRED HFA25PB60 ultra-fast, soft recovery diode. 


5. Load Resistor/Inductor 

The combination resistor and inductor unit for the load is comprised of NPS 
Power Laboratory components. The lab is equipped with inductors rated at 42.5 mH and 
10 A. Also available is a resistor unit rated at 115 V or 230 V with resistance values 
ranging from 29 ohms to 174 ohms (dependent on voltage source). The switching 
frequency determines the amount of resistance and inductance used during the testing 
phase. Also the 10 A rating of the available inductor sets the limit of total current in the 


circuit, unless other inductors are placed in the load in parallel. 


C. COMPONENT SELECTION FOR THE IGBT GATE DRIVER CIRCUIT 
This sub-section describes the selection of components for the gate driver circuit: 

namely the power supply operational amplifier, the gate driver chip and its supporting 

circuitry. Figure 3-4 is a diagram provided to enhance the description of this 


component selection. 
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Figure 3-4: Diagram for Gate Driver Circuit Component Selection 


1. Power Supply Op-Amp 

The voltage signal needed for the input of each gate driver circuit card requires a 
waveform generator that can provide an output current of 7.5 A. The NPS Power 
Laboratory is equipped with a TEXTRONIX CFG-280 function generator that can 
produce a sine, square or saw-tooth wave at a frequency ranging from 1 Hz to 11 MHz. 
However, it cannot support a 7.5 A output current. An operational amplifier was required 
in order to boost this signal and be robust enough to handle the large current draw. 

The National Semiconductor LM12CL 80W Operational Amplifier 
(Op-Amp) was chosen for this purpose. The LM12CL is capable of driving + 25 V at 

+ 10 A while operating from a + 30 V supply. The power bandwidth of the device is 

60 kHz. The output from this Op-Amp will provide input into the Gate Driver Circuit 


card. 


2. Components for the Gate Driver Circuit Card 


a. Transformer 

In order to make each IGBT an independent floating switch (and avoid 
multiple ground loops), a high frequency (HF) transformer was utilized for galvanic 
isolation. Each IGBT requires a gate-circuit dc power source that is physically 
connected to the emitter of the IGBT. Although the source does not need to be highly 


regulated, it must not exceed the maximum allowable gate voltage (15 V) for the chosen 
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IGBT. At NPS, a central HF ac source was used to distribute power to the primary side of 
multiple transformers with very low primary-to-secondary coupling capacitance. 

The transformer chosen was the MagneTek SwitchMode/High Frequency 
Gate Drive Transformer (GDE25-2). It is rated with a turns-ratio of 1:1, a maximum 
leakage of 2.5 wH and a minimum inductance of 0.68 mH. The technical sheet for this 


single- input, double-output transformer is included in Appendix A. 


b. Decoupling Capacitor 
In order to eliminate the DC signal from the input to the transformer, a 
decoupling capacitor is required. The Panasonic 1.0 uF, 50-volt, Stacked Metallized- 


Film capacitor was chosen for this purpose. 


Cc. Full Wave Bridge Rectifier 

The rectification of the transformer AC output signal to positive and 
negative DC voltage levels was achieved with the use of a full-wave-bridge-rectifier 
(FWBR) configuration. The 1N4148 Rectifier Diode was selected for use in the design 
of the FWBR. It is a 500 mW, 100-volt, silicon-epitaxial diode with a reverse recovery 


time of 4 ns. 


d. Opto-coupled Gate Driver Chip 

The TOSHIBA TLP-250 was selected for the gate driving circuit for the 
International Rectifier IGBT. This device consists of a Galltum-Aluminum-Arsenide 
light emitting diode and an integrated photo-detector. It is an 8-pin device and a diagram 
of component is shown below in Figure 3-5. Its recommended operating conditions 


include an input current of 8 mA and a supply voltage of + 15 V. 
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Figure 3-5: Schematic of Opto-Coupled Gate Driver Chip [From Ref. 11.] 
1. Gate Driver Capacitor. A requirement for the input side of the 
gate driver chip is the placement of a 1.0 uF capacitor across the positive and negative 
voltage input leads. The Panasonic 1.0 uF, 50-volt, Ceramic Multi-layer, Radial-Leaded 


capacitor was chosen for this function. 


2. Gate Driver Chip Output Resistor. The current rating from the 
output of the gate driver to the gate of the transistor is + 0.5 amps. A 5-ohm resistor is 


required to achieve this current rating. 


3. Gate Driver Chip Input Resistor. The input signal to the gate 
driver chip should operate at 10 mA. With a 5-volt input signal coming from the logic 
section, and a 1.6 -volt rating across the input diode of the driver, a 360-ohm resistor is 


required to obtain the 10 mA current into the device. 
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D. SUMMARY 

This chapter focused on the selection of components required for the design and 
development of the converter and for the gate driver circuit needed to drive the 
converter’s IGBT network. The following chapter provides a description of the 
converter, gate driver and op-amp power supply circuits that were designed and built for 


operation. 
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IV. DESIGN/CONSTRUCTION OF CONVERTER POWER UNIT AND 
CASCADED MULTI-LEVEL CONVERTER 


A. PURPOSE 


This chapter contains a description of the design and construction process of the 
Cascaded Multi-Level Converter (CMLC). The overall CMLC design consists of 
twenty-four inter-connected, individual ‘power’ units. A power unit is a standardized 
module that includes an IGBT and heat sink platform with a snubber circuit card and a 
gate-driver circuit card. The following sub-sections describe, in detail, the power supply 


op-amp, each section of this power unit and the design and construction of the CMLC. 


B. DESIGN OF THE POWER SUPPLY OPERATIONAL AMPLIFIER 


Each gate-driver power circuit in the converter circuit requires a 30-volt, 20 kHz 
input sine wave. The TEXTRONIX 11 MHz Function Generator, available in the NPS 
Power Laboratory, has a maximum output of 10 V. Therefore, it is not capable of 
meeting the 30 V requirement, nor is it capable of providing the total current drawn from 
each gate-driver power circuit. 

An operational amplifier circuit is required to amplify the function generator 
output. The National Semiconductor LM12CL 80W Operational Amplifier was procured 
to perform this function. Figure 4-1 shows the manufacturer’s recommended schematic 


for the Op-Amp for configuration as an audio amplifier. 
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Figure 4-1: LM12CL Op-Amp Schematic [From Ref. 12.] 


The dc-gain of the audio amplifier is ‘4’ as determined by 


R 
33 j 


wl+——% 4-] 
11 ae 


This dc-gain is sufficient to achieve the amplification of the function generator output to 
the 30-volt requirement. 

The frequency response of the amplifier design was verified using MATLAB’s 
built-in bode-plot analysis software. Appendix B-1 is the MATLAB Code written for 
this analysis. The results of the Bode plot, Figure 4-2, obtained from the ac-gain 


: (R,)(R,)(C,)s+(R, +R.) co 


(R, )(R)(C)s +R, 
shows the audio amplifier providing sufficient gain throughout the planned operating 
frequency of 20 kHz. In Equation (4-2), Ry =3.3 kO, R; = 1.1 kQ, and C; = 1.5 nF, 
thus, 
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Figure 4-2: Frequency Response of Op-Amp Circuit 


It was determined that the components recommended by the manufacturer to 
build the op-amp circuit were sufficient; however, in addition to the schematic, the 
application of a heat sink for the Op-Amp was determined to be necessary. The use of 
Wakefield Engineering Type 341K heat sinks properly drilled to allow the op-amp leads 
to connect to the supporting circuit allows for the effective cooling of the amplifier. 

C. DESIGN OF IGBT GATE DRIVER POWER CIRCUIT 
The centerpiece of the gate driver circuit is the opto-coupler gate driver chip. The 


chip requires + 15 V of supply voltage and a digital input voltage (0 or 5 V) to produce 
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the needed output signal to the IGBT gate circuit. The +15 V will be obtained by 
feeding the Power Supply Op-Amp’s 30 V, 20 kHz sine-wave through the 1:1 Dual 
Output Transformer and then through a full wave bridge rectifier. 

Figure 4-3 shows the configuration of the transformer and the rectifier diodes that 
provides an output of + 15 V. The dual outputs of the transformer are connected in 
series, making the common connection point the system ground. This allows the positive 
portion of the 30 V sine-wave to feed into the top half of the FWBR and the negative 
portion of the sine wave to feed into the bottom half of the FWBR. To ensure any dc 
offset is eliminated from the input signal, 1.0 uF capacitors were placed in series with the 


positive and negative input leads of the transformer. 





+15 Volts (dc) 
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Figure 4-3: Diagram of Transformer and Full Wave Bridge Rectifier 


Figure 4-4 shows the pin configuration of the opto-coupled gate driver chip or, 
simply, the opto-coupler. The positive 15 V signal connects to pin 8 and the negative 
15 V signal connects to pin 5. The digital signal input is connected across pins 2 and 3. 
The output signal from the chip, the signal that controls the IGBT gate, connects to the 
IGBT from pin 7 and through a 5-ohm resistor. 
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Figure 4-4: Pin Configuration for Opto-Coupled Gate Driver Chip [From 
Ref. 12.] 


The digital input signal to the gate driver chip must be isolated from the rest of the 
gate driver circuit and the converter circuit. More importantly, the input signal voltage 
must be diode-clamped to match the voltage drop caused by the opto-coupler’s input 
diode. This is accomplished by a series connection of two rectifier diodes placed across 
the positive and negative leads of the input. To limit the input current into the gate-driver 
chip to 10 mA, a 360 Q resistor, was introduced. Figure 4-5 is a sketch of the complete 


gate-driver circuit including the decoupling capacitors. 
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Figure 4-5: Gate Driver Circuit 
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D. DESIGN OF IGBT/SNUBBER CIRCUIT CARD 

The IGBT and the snubber circuit carry a large current during the operation of the 
converter. An important aspect for the design of the IGBT and snubber circuit tandem is 
the effective heat removal for the IGBT and the snubber circuit diode and resistor. For 
this circuit, the IGBT will be mounted flush onto the Wakefield Engineering Type 641K 
heat sink with the leads pointing out over the edge of the sink. The transistor positioned 
in this manner, as shown in Figure 4-6, will allow the snubber circuit be connected to the 


IGBT and away from its heat sink. 








Figure 4-6: IGBT Mounted to Heat Sink 


Figure 4-7 (previously shown in Chapter III) shows the proper layout of the snubber 
capacitor, resistor and diode. Not shown is the required protection for the IGBT gate 
from static discharge. The final design includes a cathode-to-cathode zener diode 


tandem connecting the gate with the emitter and circuit ground protecting the transistor. 
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Figure 4-7: RCD Snubber Circuit 


E. DISCUSSION OF CIRCUIT CONSTRUCTION MATERIAL 

The platform for each circuit board is copper clad insulator material. This 
material is used in industry for circuit board design and is usually processed using a 
CAD-CAM system which cuts copper pathways and drills holes for components with 
precision. In the interest of budget constraints, all circuit boards processed for this thesis 
work were created with a hand held manual drilling tool. Another technique used to 
develop copper pathways between nodes was the gluing of copper clad insulator board 
“strips” to the circuit board surface. This particular technique greatly simplified the 
building process by minimizing the amount of hand-held drilling required. All 


components were soldered to the circuit board material using tin alloy solder. 


F. BUILD OF POWER SUPPLY OPERATIONAL AMPLIFIER 
The first module built was the Power Supply Operational Amplifier. Figure 4-8 
displays the template used to layout the circuit board. The following list is a description 
of the symbols used for this template and all following circuit templates: 
-- Solid lines (including some with hash marks) indicate copper clad strips 


glued to circuit board. 
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-- Dotted lines indicate copper pathways formed using hand-held tool. 
-- ‘x’ indicates soldering points. 


-- ‘o’ indicate drilled holes for components. 


Figure 4-8: Circuit Board for Power Supply Operational Amp 


This circuit board, once constructed, was attached to the op-amp and two heat sinks by 
soldering the op-amp leads where they passed through the circuit board. Figure 4-9 
shows the front view of the built circuit. Figure 4-10 shows the op-amp and the heat 
sinks. 





Figure 4-9: Power Supply Op-Amp Circuit (Front) 
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Figure 4-10: Power Supply Op-Amp Circuit (Back) 


G. BUILD OF IGBT GATE DRIVER CHIP POWER CIRCUIT 

The most complex circuit to build was the gate driver circuit. This was a 
complex design and build due to the amount of and the size of the parts used for this 
circuit board. Components used were: | transformer, | gate-driver chip, 6 rectifier 
diodes, 5 capacitors, 2 resistors, 4 connectors, and 9 strips of copper clad. The major 
challenge for this circuit board was the positioning of the transformer and the gate driver 
chip. The transformer’s bulky size (1.5 inches by 1.5 inches) was the reason for the 
device being mounted to the underside of the circuit board with the leads passing through 
to the top surface. The gate driver chip was turned up-side down and glued to the circuit 
board top surface allowing the leads to be exposed for the soldering of the required input 


leads. Figure 4-11 shows the template used to construct the circuit. 


al 





Digital 
Logic 
Input 














Figure 4-11: Gate Driver Circuit Board Template 


Figure 4-12 is a digital image of one constructed gate-driver circuit board. Figure 4-13 is 


the bottom view showing the transformer and the input and output connectors. 





Figure 4-13: Gate Driver Circuit Board (Top View) 
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Figure 4-13: Bottom View of Gate Driver Circuit Board 


In Figure 4-13, the blue connector on the right hand side is the input terminals for 
the 20 kHz power supply and the top blue connector is where the board connects to the 


IGBT gate and to system ground. 


H. BUILD OF IGBT SNUBBER CIRCUIT CARD 

The construction of the IGBT snubber circuit card involved the soldering of five 
components. The challenge with this circuit was the placement of the diode, resistor and 
capacitor. To ensure the snubber circuit operates effectively and in an optimal manner, 
the distance between the diode, resistor and capacitor leads must be minimized to within 
a few millimeters. This requirement made the soldering of these components a tedious 


task. Figure 4-14 is the template used to build the snubber circuit card. 
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Figure 4-14: Snubber Circuit Card Template 


Figure 4-15 is a digital image of a completed snubber circuit card. This figure 
shows the diode and the resistor with their aluminum-strip heat sinks attached. Figure 
4-16 is the side view of a completed snubber card. At this angle, the connectors are 
visible. The black connector is where the IGBT leads connects to the circuit card and the 
green connector is where the IGBT gate and emitter (ground) connects to the gate driver 


circuit card. 





Figure 4-15: IGBT Snubber Circuit Card (Top View) 
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Figure 4-16: Side View of IGBT Snubber Circuit Card 


I. THE CMLC POWER UNIT 

Each constructed IGBT and heat sink module, gate-driver circuit card and snubber 
circuit card were assembled to form the CMLC power unit. Figure 4-17 is a digital 
image depicting the CMLC power unit. The gate-driver circuit card was elevated above 
the surface of the IGBT heat sink using two metal posts with plastic nuts. This design 
allowed for the gate-driver circuit card to be far enough away from the heat generated by 
the IGBT during operation while keeping the length of wire between the card and the 
IGBT gate as short as possible. 





Figure 4-17: The CMLC Power Unit 
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J. DESIGN/CONSTRUCTION OF CASCADED MULTI-LEVEL 
CONVERTER (CMLC) 


Twenty-four power units were constructed for use in configuring a three-phase 
cascaded multi-level converter (each phase consisting of eight power units). These 
power units were connected together, to clamping power diodes, using flat-bar copper 
pieces cut and drilled and then bolted to pre-drilled holes on the snubber circuit card and 
on the diodes. The entire phase configuration was then attached to a vertical wooden 
structure. The circuit configuration was made vertical to allow for easier reconfiguration 
of power units and troubleshooting of the circuit during testing of the CMLC. Figure 4-18 
is digital image showing a completed phase of the CMLC. 





Figure 4-18: One Phase of the CMLC 


K. SUMMARY 

This chapter documented the design and construction of the power supply 
operational amplifier, the power unit and its associated circuit cards and finally the 
cascaded multi-level converter. The next chapter contains a description of the design 
and construction of the digital logic section that controls the switching of the CMLC’s 


transistors to create an ac sine-wave from a dc voltage source. 
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V. DIGITAL LOGIC CONTROL OF CMLC 


A. PURPOSE 
This chapter documents the design and formulation of the digital logic control 
circuit which executes the switching of the CMLC transistors. Some prominent 


alternative switching techniques are briefly discussed. 


B. DESCRIPTION/BACKGROUND OF CMLC SWITCHING TECHNIQUES 

One technique that may be used to control the gating of a three-level converter is 
sine-triangle pulse-width-modulation (STPWM). The concept of STPWM involves the 
production of a sinusoidal output voltage waveform at a desired frequency by comparing 
a sinusoidal control signal, set at the desired frequency, with a triangular waveform. 


Figure 5-1 provides a graphical representation of this concept. 





























Figure 5-1: Sine-Triangle Pulse Width Modulation [From Ref. 5.] 


In Figure 5-1 [5], the upper graph shows the sinusoidal control waveform (Veoniro1) and the 
triangle waveform (v,,;) for one phase of a three-level converter. The important aspect of 
this technique is the intersection of the sinusoid and the triangle waveforms. During 


operation, when an intersection is detected, the corresponding converter transistors are 
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gated ‘on’ or ‘off’ depending on whether Veon0/ iS greater than or less than v,;.. This 
‘intersection detection’ gating is shown in the lower portion of Figure 5-1. 

The major advantages of using STPWM are that the harmonics are significantly 
reduced and the fundamental frequency is controlled. When the carrier frequency 
(Vcontrol) 18 Much greater than the modulating frequency (1,;), harmonics are generated 
along the high end of the frequency spectrum and thus away from the desired 
fundamental frequency (in most practical cases, 60 Hz). The major disadvantages of this 
method are that the modulating signals must be generated and the intersection of these 
signals monitored. 

Another technique that may be used for transistor gating is the Space Vector 
Modulation (SVM) technique. The SVM method involves the transformation of each 
converter state (all three phases) into a single point on a q-d stationary frame. This 


transformation is executed by using the following equation (5-1). 
ys bb 0 0 1%. 
® |= _ VBI", (5-1) 
Kas Oa aa 
2 be 


Figure 5-2 is a representation of a four-level converter q-d stationary frame and the 


possible converter states are represented as black dots. 


s 
Vas 





Figure 5-2: Space Vector Modulation for the Four-Level Converter [From Ref. 4.] 


38 


In Figure 5-2, the circular trace, with the equally spaced small black circles, represents a 
desired balanced set of output voltages and is called the reference trajectory; the number 
of black circles determines the switching frequency of the converter. Although the path 
could be arbitrary, a circular reference trajectory is chosen in the q-d plane since it results 
in balanced three-phase sinusoidal voltages in the time domain. The SVM technique 
attempts to synthesize the reference trajectory by averaging the amount of time spent at 
the three nearest states of each reference trajectory dot. 

SVM allows for the utilization of more of the bus or dc-link voltage and it lowers 
commutation losses [3, 4, 8]. SVM is a method of choice to control modern power 
electronics circuits. This technique was considered for use in this thesis circuit; 
however, the time needed to build the controller due to its complex design forced an 
alternative method to be chosen. 

The digital logic design method used for this project is a simple, straightforward 
method chosen to ensure that the converter was controlled with a hard-wired state 
sequencer that would minimize the testing of the controller itself and optimize the testing 


of the CMLC. 


Cc; FORMULATION OF DIGITAL LOGIC CONTROL ALGORITHM FOR 
CMLC 


The CMLC designed in this project was configured to operate at nine different 
voltage levels from —4E volts to +4E volts (where E is the standard DC voltage 
increment of the CMLC). The first step in the design of the logic was the digitization of 
a sine-wave into nine different levels throughout an index integer range of 0 to 35. 

For this process, an index range of 36 was selected in order to achieve a digital 
system requiring a clock that sequences through no more than a six-digit number system. 
Sub-dividing the sine-wave with a larger index range would definitely enhance the 
resolution of the wave pattern; however, a larger index range will require a more 
expensive and more complex digital circuit. A higher resolution sine-wave is desirable; 


however, the additional effort would bring this thesis work beyond the scope originally 
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specified. The introduction of a more complex converter controller is discussed later as 
potential follow-on work in this area. 


The equation that was used to accomplish the digitization of the sine-wave is 


mxr[ 4-(4)sin{index{ 20.5) (5-2) 


The equation was implemented in an EXCEL spreadsheet function where the INT 
command ensures that the results are integers and index = {0:35}. The results are 


presented in Table 5-1 and then graphically displayed in Figure 5-3. 













































































Index | Volt Index | Volt Index | Volt Index | Volt Index | Volt 
0 4 8 0 16 3 24 7 32 7 
1 3 9 0 17 3 25 8 33 6 
2 3 10 0 18 4 26 8 34 5 
3 2 11 0 19 5 2] 8 35 5 
4 1 12 1 20 5 28 8 
5 1 13 1 21 6 29 8 
6 1 14 1 22 7 30 7 
7 0 15 2 23 7 31 7 
Table 5-1: Digitized Sine-Wave Voltage Levels 
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Figure 5-3: Digitized Sinusoidal Waveform 


Once the sine-wave was digitized, a digital counter was designed. Using the same 
index range {0:35}, a six-digit counter was constructed. An important design parameter 


of the desired digital counter is the ability to avoid certain transistor sequences that would 
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put the converter in an unsafe condition (e.g., all phase A transistors fired at once causing 
a short). To ensure unsafe converter conditions were avoided, the use of two grey-scale 
counters was introduced into the design. A grey-scale counter simply counts through a 
pre-programmed sequence and it does so in such a manner that only one bit changes each 
time it sequences [9]. 

As mentioned above, the grey-scale counter sequence is purposely void of unsafe 
and unnecessary configurations. In this case, the two conditions are 000 and 111. The 
counter sequence of each counter was programmed as follows: 


001 > 0115 010 511051004101. 





The combined grey-scale counters will then sequence from 001001 to 101101 and never 
exhibit an unsafe or unnecessary sequence. Table 5-2 displays the entire sequence and 
shows the configuration or voltage level of the transistor at each sequence index. As the 
digital counter counts through the sequence, displayed in Table 5-2, it signals the digital 
logic section which outputs the appropriate phase configuration based on the digital 
counter signal that is received. This phase configuration digital logic section is a 


four-digit output sent to the eight transistors that comprises each phase. 


Al 




















































































































Counter # Phase A Phase B Phase C Index 
001001 01100110 11000110 00110110 0 
001011 01101100 11000011 00110110 1 
001010 01101100 11000011 00110110 2 
001110 00110011 11000011 00110011 ) 
001100 00110110 11000011 01101100 4 
001101 00110110 11000011 01101100 5 
011001 00110110 11000110 01100110 6 
011011 00111100 11000110 01100011 a. 
011010 00111100 11000110 01100011 8 
011110 00111100 11000011 11001100 9 
011100 00111100 01100011 11000110 10 
011101 00111100 01100011 11000110 11 
010001 00110110 01100110 11000110 12 
010011 00110110 01101100 11000011 13 
010010 00110110 01101100 11000011 14 
010110 00110011 00110011 11000011 15 
010100 01101100 00110110 11000011 16 
010101 01101100 00110110 11000011 17 
110001 01100110 00110110 11000110 18 
110011 01100011 00111100 11000110 19 
110010 01100011 00111100 11000110 20 
110110 11001100 00111100 11000011 21 
110100 11000110 00111100 01100011 22. 
110101 11000110 00111100 01100011 23 
100001 11000110 00110110 01100110 24 
100011 11000011 00110110 01101100 25 
100010 11000011 00110110 01101100 26 
100110 11000011 00110011 00110011 27 
100100 11000011 01101100 00110110 28 
100101 11000011 01101100 00110110 29 
101001 11000110 01100110 00110110 30 
101011 11000110 01100011 00111100 31 
101010 11000110 01100011 00111100 32 
101110 11000011 11001100 00111100 33 
101100 01100011 11000110 00111100 34 
101101 01100011 11000110 00111100 oy) 

















Table 5-2: Digital Logic Sequence for Three-Phase Converter 
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It was conveniently discovered while researching the cascaded multi-level 
converter that, during operation, the transistors required a complementary logic sequence. 
Referring to Figure 5-4, the complementary transistor pairs are: T; and T3, T2 and T4, Tix 
and T3x, and Tx and T4x. Therefore, one half of the phase transistors require direct 
input from this digital logic section, whereas the other half of the transistors requires the 


inverted version of the signal. 


Vael 


Vae2 





Figure 5-4: One Phase of CMLC [From Ref. 3.] 


D. PROGRAMMING OF PLD CHIPS 

Advanced Boolean Expression Language (ABEL) software was used to program 
the counters and the converter configuration states. Appendices B-1, B-2, and B-3 
contain the ABEL code for phases A, B and C of the CMLC. A default condition was 
included for each phase. Even though a safe-guard was added with the use of grey-scale 


counter, further precaution was taken by making all possible bad or unneeded CLMC 
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states (000 and 111) be assigned a default configuration of “0101” which automatically 
switches the circuit to the ground state. 

Once the code was verified through the use of the ABEL test vector module, the 
software was loaded into the Progammable-Logic Device Progamming system. The PLD 
components used were the 20-pin, P18CV8 chips. One PLD was programmed as the 
digital counter and three PLDs were programmed as the Phase A, B and C chips 
containing the proper converter configuration information needed to produce the desired 


sine-wave for each phase. 


E. DESIGN AND BUILD OF THE DIGITAL LOGIC CIRCUIT 

The digital-logic circuit was constructed on a PB-503 “proto-board” which 
provides TTL Signal Generator (clock), ground and 5 V signals needed to power each 
device. Figure 5-5 shows the circuit for one phase. The TTL Signal Generator (variable 
frequency) inputs into the six-digit digital counter (two grey-scale counters). The output 
from the counter feeds into the Phase PLD. The four-digit output of the Phase PLD is 
the signal that is sent to the input of each gate driver circuit card opto-coupler which in 
turn gates the accompanying IGBT. As discussed in sub-section C, four transistors 


receive the direct output (T1, T2, T1X, T2X) from the Phase PLD and the other four 





transistors receive an inverted version of the output (T1, T2, T1X, T2X) via an 


inverter chip. 
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Figure 5-5: Digital Logic Circuit for One Converter Phase 


F. TESTING OF DIGITAL LOGIC CIRCUIT 

The digital logic circuit, shown in Figure 5-5, was tested prior to its installment 
into the overall converter circuit. The frequency of the TTL Signal Generator was 
decreased to 1 Hz and with the output of the Phase PLD diverted to a bank of LEDs. 
Each converter configuration was verified as the circuit sequenced from indices 0 to 35. 


Each Phase PLD was tested and all sequences were verified as accurate. 


G. SUMMARY 

This chapter presented a broad overview of the alternative techniques used to 
control modern power electronic circuits and then the design, implementation and testing 
of a digital logic controller was described. The next chapter, Chapter VI, documents the 


testing of the CMLC. 
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VI. TESTING OF CMLC 


A. PURPOSE 
The purpose of this chapter is the documentation of all test results conducted on 
the Cascaded Multi-Level Converter (CMLC). All testing was accomplished at the NPS 


Power Laboratory with available lab equipment. 


B. BACKGROUND 
Prior to the final assembly of the CMLC, each of the following circuits/modules 


were tested: 


e Power Unit module, 
e Operational Amplifier Power Supply, and 
® Digital Logic Switching Circuit. 


Each power unit module (discussed in Chapter IV) was given a post-construction 
test. The test circuit, shown in Figure 6-1, consisted of a resistor load placed in series 
with a 5-VDC voltage source, a function generator and a differential amplifier probe and 
oscilloscope measuring configuration. The IGBT of the power unit was placed in series 
with the resistor and dc voltage source, and a 10 kHz, 5-volt square-wave, provided by 
the function generator, was connected to the input of the opto-coupler device. The 
differential amplifier probes were place across the IGBT collector and emitter. The 
power unit module was deemed satisfactory when the IGBT generated a 10 kHz, 5-volt 


square-wave pattern. 


47 










Power 
‘ Unit 
Function Module 


Generator 


5V Square Wave 









Diff Amp Oscilloscope 





— 
—_ 
= 











Figure 6-1: Power Unit Module Test Circuit 


The operational amplifier power supply was first tested with one bank of eight 
interconnected power unit modules as the power supply load. The test was satisfactory. 
The 20 kHz, 30 VAC peak-to-peak voltage output from the power supply appeared across 
the input of each power unit module and there was no distortion detected. The final 
testing involved the operational amplifier connected to all of the 24 power unit modules 
that make up the three phases of the CMLC. In this configuration, the voltage output 
suffered a resonance effect causing the output magnitude to pulse between 30 VAC peak- 
to-peak and 0 volts. This problem was corrected by adjusting the function generator 
output waveform from 20 kHz to 40 kHz. At 40 kHz, the operational amplifier provided 
a steady 30 VAC peak-to-peak voltage output. 

The digital logic switching circuit test was discussed in Chapter V. Additional 
testing involving this circuit was conducted to verify that all three phase programmable 


logic devices operated correctly. 
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C; TESTING 


The following tests were conducted on the CMLC: 


e Single phase — low voltage/low current, 
° Two phases — low voltage/low current, and 
e Three phases — high voltage/high current. 


The tests were conducted in order, as listed above, to ensure that each phase segment of 


the converter operated correctly and to ensure that all phase segments operated in the 


proper phase sequence in a low-voltage, low-current condition, prior to operating the 


entire converter in a three-phase, high-voltage, high-current condition. Table 6-1 lists 


the equipment used to conduct all testing events. 


Table 6.1: Test Equipment List 















































Equipment Parameters Manufacturer Rar OPE Oge! 
Number 

Oscilloscope 100 MHz TEKTRONIX _ | TDS 3012B 
Oscilloscope 4 Channel TEKTRONIX _ | TDS 540 
Variac 0-280 V, 25 A, 12.1 kVA STACO 2510-3 
Power-stat 0-280 V, ISA SUPERIOR 1001 
DC Power Supply 0-30 V, 2A TEKTRONIX _ | PS 280 
Power Diode INVERPOWER | P101 DM 
Rectifier 
Filter Capacitor INVERPOWER | P106 FC 
Function Generator | 11 MHz, 10 V, 2A TEKTRONIX CFG280 
Current Probe TEKTRONIX TM502A 
Inductor 42.5mH, 10A INVERPOWER 
Resistor Module 3kW INVERPOWER | P108 RL 
High Voltage 1300 V/ 130 V TEKTRONIX P5200 
Differential Probe 
Multi-meter, Hand- EXTECH Multi-master 560 


held 











True RMS 
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1. Low Voltage/Low Current Tests 

The input voltage sources for the low voltage/low current tests consisted of two 
TEKTRONIX DC Power Supply units. Figure 6-2 shows the configuration of the power 
supply units and the CMLC. One power supply unit was configured to provide + 30 
VDC to the upper level of the CMLC and the second power supply unit was set-up to 
provide + 10 VDC to the lower level of the CMLC. 









TEKTRONIX 
DC Power Supply 
(+/- 30 volts DC) 










TEKTRONIX 
DC Power Supply 
(+/- 10 volts DC) 















Figure 6-2: Testing Configuration (Low Voltage/Low Current Condition) 
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The load connected to the CMLC, during the low voltage/low current tests was a 
42.5-mH inductor placed in series with a 60 Q resistor bank on the resistor module. To 
match the impedance of the resistor and the inductor 


Ry 60Q 
2nL, 2n(42.5x10°) 





a = 224.7 Hz, (6.1) 


was used to determine that the CMLC Digital Logic section must be operated at 224.7 
Hz. 
a. Single Phase — Low Voltage/Low Current Testing 
During the low voltage/low current test of CMLC’s Phase ‘A’, “B’ and 
‘C’, the current probe was adjusted to 0.5 A/Div and the high voltage differential probe 
was set at 1/500. Figure 6-3 is an oscilloscope digital image of CMLC Phase ‘A’ output 
voltage waveforms. One measurement was taken across the output terminals of the 
CMLC (chopped voltage waveform) and the second measurement was taken just across 
the load resistor (solid voltage waveform). |The CMLC zero-to-peak voltage output 
waveform measured as follows: 
-- 1.52 Divisions x 50.0 mV/Divisions = 75.0 mV_ (Actual oscilloscope output) 
-- 76.0 mV x 500 = 38 V_ (Differential amplifier correction) 
The 38 V output compares closely to the maximum voltage (expected) of 40 V as 
calculated in 


Maximum voltage (expected) = 3E—(—IE) = = = 40 volts, (6-2) 





where E = 20 V. The difference between expected and actual values is attributed to the 
rated total switching loss of each transistor in the circuit. This difference in values will 
be present throughout all testing phases. The expected voltage across the resistor was 


28.3 V as calculated in 
k= Zr + Ze = 60.07 + 60.0° = 84.85 Q, (6-3) 


y 40 





i,, =—*- =—— = 0.471 mA, (6-4) 
Rig 84.85 
and 
Ve = Riyaaig, = 60(0.471x10°) = 28.28 V. (6-5) 
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(Note: The values calculated in Equations (6-4) and (6-5) are r.m.s. magnitudes) 
The zero-to-peak voltage across the resistor (solid voltage waveform) measured as 
follows: 

-- 1.05 x 50 mV/Div = 52.5 mV (Actual oscilloscope output) 

-- 52.5 mV x 500 = 26.25 V (Differential amplifier correction) 
The 26.3 V output (actual) compares closely with the expected value of 28.3 V. Figure 
6-4 is an oscilloscope image of the output current (i,;) superimposed against the CMLC 
Output Voltage waveform. The measured value of the zero-to-peak output current was 
as follows: 

-- 0.95 Division x 0.5 A/Division = 0.475 mA 
This value compares closely to the expected current output of 0.471 mA. Table 6-2 
shows the actual and expected values of each voltage and current measurement in Figures 
6-3 and 6-4. 

Table 6-1: Phase ‘A’ Voltage and Current Measurements 

















Expected Actual 
VeMLC Output 40 V 38 V 
VResistor 28.3 V 26.3 V 
las 0.471 mA 0.475 mA 
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Figure 6-3: Phase A Voltage Outputs (Chopped Waveform: Voltage Output of 
CMLC and Solid Waveform: Voltage Across Load Resistor) 
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Figure 6-4: Phase A Voltage and Current Output (Solid Waveform: Output 
Current and Chopped Waveform: Voltage Across CMLC Output) 


Figures 6-5 thru 6-8 are the oscilloscope images for phases B and C. Table 6-2 displays 


the results of these measurements. 
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Figure 6-5: Phase B Voltage Outputs (Chopped Waveform: CMLC Output Voltage 
and Solid Waveform: Voltage across Load Resistor) 
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Figure 6-6: Phase B Voltage and Current Output (Solid Waveform: Output 
Current and Chopped Waveform: CMLC Output Voltage) 
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Figure 6-7: Phase C Voltage Outputs (Chopped Waveform: CMLC Output Voltage 
and Solid Waveform: Voltage Across R) 
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Figure 6-8: Phase C Voltage and Current Output (Solid Waveform: Current and 
Chopped Waveform: CMLC Output Voltage) 
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Table 6-2: Voltage/Current Measurements for All Phases 












































Expected | Measured 
VicMLC Output (PhA) 40 V 38 V 
VResistor (PhA) 28.3 V 26.3 V 
las 0.471 mA | 0.475 mA 
VMLC Output(PhB) 40 V 39 V 
VResistor(PhB) 28.3 V 27.5 V 
Tos 0.471 mA 0.46 mA 
VcMLC Output(PhC) 40 V 37.5 V 
VResistor(PhC) 28.3 V 27.5 V 
Ios 0.471 mA | 0.465 mA 





Transient waveforms were evident in the display of the CMLC output 
voltage for each phase. The transient ‘overshoot’ occurred on the voltage level just prior 
to the maximum and to the minimum voltage levels. This condition was considered a 
minor problem as it did not significantly disrupt the output current waveform. The cause 
of this transient effect seems to stem from the digital logic controller algorithm. This will 


be addressed in Chapter VII as a recommendation for future work on this circuit. 


b. Two Phases — Low Voltage/Low Current Testing 

The testing of two phases simultaneously at low voltage and 
low current was conducted to ensure that the digital logic switching circuit was 
controlling the CMLC to produce three waveforms with 120° phase difference between 
them. The same testing equipment configuration used during single-phase testing was 
employed here. For purpose of clarification, the upper levels and lower levels of each 
CMLC phase are connected in parallel. 

Figures 6-9 and 6-10 are oscilloscope images captured during this two- 
phase operation. Figure 6-9 is the voltage observed across the load resistors of phases 
‘A’ and ‘B.’ To measure the phase difference between the two waveforms, a voltage peak 
from Phase A was centered on the y-axis and the oscilloscope’s vertical cursor was 
placed at the Phase B voltage peak. The difference between the cursor and the y-axis 
measured 3.0 ms. The period of the two waveforms averaged at 225 Hz or 4.44 ms, and 
using 
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3.0 

LZO= x 360° = 243’, 6-6 
, (] oe) 

it was determined phases ‘A’ and ‘B’ were 243° out of phase. The same analysis was 

conducted on the phase ‘A’ and ‘C’ waveforms in Figure 6-10. It was determined that 


phase ‘C’ was 120.91° out of phase with phase ‘A.’ 
lekRun | 
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Figure 6-9: Phases A & B: Output Voltage Across Resistor 
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Figure 6-10: Phases A & C Output Voltages (Across Resistor) 
a7 


2. High Voltage Test 

The objective of the high voltage/ high current test was to operate the CMLC in 
three-phase configuration at a high voltage/high current condition and observe the 
resultant waveforms. The voltages applied across the upper and lower levels of the 
CMLC were set-up using the variac- and powerstat-voltage sources fed through the 
power rectifier and filter capacitor modules. The upper voltage was selected to be 270 V 
and the lower level voltage was established at 90 V (one-third the voltage of the upper 
level). To ensure the load resistor and inductor maintained matching impedance, the 
operating frequency was kept at 224.7 Hz. With these settings the expected voltage and 
current outputs (across the load resistor) were calculated at 180 V and 2.12 A using 
Equations (6-2) and (6-4) (where E = 90). 

The TEKTRONIX Four Channel oscilloscope was used to capture the three-phase 
current outputs while in the high voltage/high current condition. The current probes 
connected to the oscilloscope were adjusted to 1.0 A/Division. Figure 
6-11 represents a digital image of the oscilloscope current measurements. This zero-to- 
peak voltage was recorded at 178.5 V across the load resistor and the measured current 


was recorded at 2.1 A. Table 6-4 lists high voltage/high current condition results. 


Table 6-4: High Voltage/High Current Test Results 











Expected Measured 
VcMLC 180 V 178.5 V 
Avg. Phase Current 212A 2.10 A 
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Figure 6-11: Three Phase Current Output with Current Probe @ 1.0 A/DIV 


Following the prescribed testing plan, the input voltage levels were increased in 
30 V and 10 V (upper and lower levels, respectively) increments to 360 V and 120 V 
(upper and lower levels, respectively). While the CMLC was in this configuration, an 
electric spark emanated from the upper level of the phase ‘A’ segment of the CMLC and 
the upper level voltage source circuit breaker opened. The CMLC was then disconnected 
to support troubleshooting in order to find out the cause of the casualty. The 
troubleshooting revealed a burned-out section on the snubber card of the “T,” power unit 
module. Figure 6-12 is a digital image of the damaged card. It appeared that the 
damage was caused by the transistor collector-to-emitter current arcing over to the 
transistor gate path on the circuit card, creating a short and causing the power source 
circuit breaker to open. Further troubleshooting revealed no apparent damage to the 


circuit. 
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Figure 6-12: Burned Out Section on T; Power Unit Snubber Card 


D. SUMMARY 


This chapter outlined the test results on the CMLC found in the laboratory. The 


following tests were conducted on the CMLC and CMLC components to verify proper 


operation: 


Power unit module test, 

Operational Amplifier Power Supply test, 

Digital Logic Switching Circuit test, 

CMLC single phase low voltage/low current test, 
CMLC two phases low voltage/low current test, and 
CMLC three phase high voltage/high current test. 


In the final chapter, Chapter VII, project conclusions and accomplishments are addressed 


as well as possible follow-on opportunities. 
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Vil. CONCLUSIONS 


A. SUMMARY OF FINDINGS 
This research documented the design and construction of a Cascaded Multi-Level 


Converter (CMLC). The key areas covered in the thesis are: 


e Detailed schematics, 

e Detailed component parts/manufacturer’s lists, 
° Documented component selection, 

e Lab testing to validate design, and 

e Converter layout. 


The CMLC design process began with a component selection for the CMLC 
snubber circuit and gate driver circuit boards. Components were selected based on 
specifications provided by theoretical calculations and available components. 

Chapter III detailed the component selection process while Chapter [V documented the 
design of the CMLC Power Unit module components and the overall three phase CMLC 
circuit. Digital pictures were taken of each component built for the CMLC. Chapter V 
documented the design and testing of the Digital Logic Switching Circuit. Once 
construction was completed, the CMLC was tested in the power laboratory to ensure all 


components worked in low-voltage and high-voltage conditions. 


B. OBSERVATIONS 

This thesis project was a labor- and time-intensive effort due to the amount of 
construction that was necessary. The building of the components and the overall circuit 
represented approximately 70% of the entire thesis effort. Table 7-1 shows the 


approximate amount of time spent for the construction portion of the project. 
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TASK TIME 














-- Build Snubber Circuit Card. 3.0 Hrs 
-- Build Gate Driver Circuit Card 5.0 Hrs 
-- Assemble Power Unit Module 1.0 Hrs 
Assemble 24 Power Unit Modules 216.0 Hrs 








-- Assemble CMLC Phase (8 Power Unit 











8.0 Hrs 
Modules/Phase) 
Assemble 3 CMLC Phases 24.0 Hrs 
-- Build Operational Amplifier Power Supply 8.0 Hrs 














A considerable amount of time would have been saved by having a CAD-CAM system, 
capable of preparing circuit boards for population, available at NPS. 

The CMLC hardware proved to be robust and durable. In order to tap the 
potential effectiveness of this converter topology, the digital logic controlling algorithm 
requires further research and refinement. This improvement should eliminate the present 
transient ‘glitches’ present in the current operation of the converter. 

Further investigation into the casualty incurred during the post-testing high 
voltage operation revealed a design improvement that is needed to ensure reliable 
operation in future CMLC testing. The snubber circuit card layout needs to be 
redesigned in such a manner to ensure that the transistor gate region is moved further 


away from the transistor collector-to-emitter current region. 
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Cc, FUTURE WORK 

With CMLC technology offering high power conversion with reduced current 
waveform harmonics, continued research in de-ac converters is vital for the future of 
naval ship electrical systems. Many issues still must be addressed in this design area. 


Possible areas for future research include: 


e Development of Space Vector Modulation Switching Circuit, 

e Development of Sine-Triangle Pulse Width Modulation Switching Circuit, 
e Comparison of switching techniques, 

° Use of CMLC in analysis of propulsion shaft transient noise, and 

e The construction of a reduced-scale IPS at NPS to facilitate additional 


student thesis projects. 


With IPS selected for DD(X), it is critical for research to continue in this area. 
DC-AC converters are an integral part of any electrical distribution system and the Navy 
must continue with research in this area to ensure successful and reliable systems are 


delivered to the fleet. 
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APENDIX A. DATA SHEETS 


Appendix A contains data sheets for all the major components used to construct 


the operational amplifier power supply and the Cascaded Multi-Level Converter. 


A. NATIONAL SEMICONDUCTOR LM12CL 80W OP-AMP [From Ref. 12.] 


QV vetionat Semiconductor 


LM12CL 
80W Operational Amplifier 


General Description 


The LM12 Is a power Op amp capable of driving +25 at 
+104 while operating from +20V supplies. The monolithic 1c 
can delwer SOW of sine wave power Into a 42 bad wih 
0.01% distortion. Power bandwidth Is 60 KHz Further, a 
peak dissipation capability of S00V" allows Il to handis reac- 
twe loads such as transducers, actualos or small motors 
without derating. Important features include: 

Input protection 

controled turn on 

thermal Imiting 

overvollage shukiown 

oulput-current limiting 

dynamic safe-area protection 
The IC detvers 410A oulput current at any oulput voltage 
yel Is comptely protected agains! overbads, Induding 
shorts to the supplies. The dynamc sat-area protection Is 
provided by instantaneous peak-temperalure limiting within 
the power transisior array. 
The turn-on charactensiics are controled by keeping the 
oulpul opan-circutted untf the total supply voltage reaches 
14V. The oulput Is also opened as he case temperalure ex- 


Connection Diagram 


V"(CASE) 
Demon 
4-pin glass apony TO.3 
sockal is avdlable from 
AUGAT INC 
Post number 8112-AGT 


Bottom View 


Order Number LM12CLK 
See NS Package Number KO4A 


© 1999 National Semiconductor Corporation osocero4 


oseds 150°C or as the supply vollage approaches the 
BV..,5 Of the output transtsiots. The IC withstands overvall- 
ages lo BV. 

This monaiithic op amp Is compensated tor untty-gain feed 
beck, witha smal-signal bandwith of 700 KHz. Slew rae Is 
Vis, even as a follower. Distortion and capecilive-load sta- 
Glity rival that of the best designs using complementary out- 
pul transistors. Further, the kt withstands large diferential 
put voltages and is well behaved should the 
common-mode range be exceaded. 

The LM12 establishes thal monolithic ICs can delwer consid- 
erable culput power without resorting to complex swttching 
schemes. Devices can be paralleled of bridged for even 
greater culpul capability Applications include operational 
power supplies, high-vollage reguialors, high-quality audio 
amplifiers, tapshead positioners, xy plotters of other 
Savo-conta systems. 

The LM12 ts suppled ina fourtead, TO-3 package with V- 
on the case. A gold-eutectic die-allach to a molybdenum in- 
terface Is used to avokl thermal falique problems. The L112 
's specified tor ellher military or commercal temperature 


range. 


Typical Application*® 


ee Be 
"Low distortion (0.01%) audio ampifar 
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Jaydury jeuonesedg M08 1OZLIWT 


Absolute Maximum Ratings (nete 1) Storage Temperature Range -65'C 150°C 
If Milltary/Aerospace specified devices are required, Lead Temperature 

please contact the National Semlcomuctor Sales Office! (Sdiderng, 10 secoms) we 
Distributors for avallabillty and specifications. : a 

Tolal Supply Voltage (Note 1) ay Operating Ratings 

Input Vollags (Note 2) Total Supply Voltage 15V to 6OV 
Output Current Internally Limntted Case Temperature (Note 4) occ 
Junction Temperature (Note 3) 


Electrical Characteristics (not 4) 


25°C aes 
Input Offset Vollage HOV = Va = £05 Vax Vin =O mv (max) 
paneer am pls repie? iA ma 
Input Oftset Current Pv +4VeVewsv+-2 | cs] 


Common Mode V- 44V 5 Vey 5 V4-2V 7085 dB = 
ake [eSereaal laa 
Power Supply V+ =0.5 Vuax, 30 7015 dB (min) 
Refeetion BV 2 V- 2 -0.5 Vax 
V- = -0.5 Vuax 110 75/70 dB (min) 
BV = V+ 50.5 Vax 
Output Saturation toy = 15, 
air Bh went ae 
leur = VA 2.2125 Vv (max) 
BA 5m V (max) 
104 V (max) 


Large Signal Voltage toy, = 2 ms, 
Gain Vsat = 2V, lor =O win Vimy (min) 
Thermal Gradent Pores = SOW, top, = 65 ms HVA (max) 
abi [Ray Pees 
Oulpu-Current Limit hogy = 10 15, Vege = 10V 13 16 A (imax) 
15 17 A (imax) 
Power Dissipation toy = 100 MS, Venn = 20V 0/55 W (min) 
Raling Vos = S8V Bj Ww (min) 


De Thema Resistance (Nole 5) Vana = 20V CAV (max) 


CAV (max) 
AC Thatnal Resianos CAN (max) 


Supply Current Vour = 0, lour = 0 ear rea] 120/140 mA (max) 
Wote 1: Absolutemaxdmum ratings indicote Imits boyond whieh damage to the device mayoeccur. The maximum voltage for which the LM12 Isquaranived to oper ote 
is gianin fe cparaiing retings and in Nota 4. Wh inductive loads oF output shorts, other restictions described in applications section apply. 

Note 2: Nether nput should axneed fhe supply voltage by mora than SO vols nor should the voltage baiween one Input and any other tarminal excead 60 volts 
Wote 3: Operating juncion temparcture Is Intomaly limited near 225°C wifin fie power transistor and 160°C for fle como creutry. 

Mote 4: The supply vollags & 2304 [Vp = GOV), unless otherwss spactied. The voltage across fhe conducting autpul transistor (supply tocutput) 5 Viy ee ond 
Intarmal power dssipagon |S Phe... Tempercture range is 0'C <T, < 70'C ware T,|s a cose amperniva. Standard typeface ndiicats Imes at 25°C while bokd- 
face type refers tp limits or special conditions over full temperature range. Wen no heat sink, the packages wil heat of a rate of 35°Caec per 100W of internal 
iss pation 

Noto 5: This thermal rasistance Is based upon a peak lmperiure of 200°C in fhe centar of tha power fansistor and a cosa temperatura of 25°C measured at fhe 
center of tha package boom. The maximum junciion temperatura of the control dreuiry can be estimated basad upon a de fhamal resistance of .9°CW of an oc 
formal resistance of 0.6°C/W for any operating votaga 


Although the output and supply leads are resistant to electrostatic discharges from handling, the Input leads are not. 
The part should be treated accordingly. 
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Output-Transistor Ratings (guaranteed) 
Dec Thermal Resistance Pulse Thermal Resistance 


‘ - . 
Te= 2*Come Te OPS 


iw) 


COLLECTO® Cuseret (a) 
srostamce (* ry 


Trerwal wesestaece (c/w) 


THENMAL 


COLLECTOR-<DaiTTES VOL TARE (¥) COLLDCTOR-DeiT TES VOLTAGE (¥) 
Deno Mt Deno IP 


Typical Performance Characteristics 


Pulse Power Limit Pulse Power Limit Peak pianaihol Current 
WU T 


we “ 


CURREMT (2A) 





COMLOCTOR-DeiTTES VOL TecE (¥ 
Denard 


Large Signal ne 


Qurrur sem (t¥) 
Getrat sae ivi 





CAST TEMPORTATURE (PC) 
nc 


Large a Galn 


VOLTEEE GAM |¥/ ew) 
OnrseT CHASEE (ww) 
ossence |x) 


mNct (M2) 
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Typical Performance Characteristics (contrucs) 


Frequency Response 


PHASE WAPTIS (degrenr) 


2 
10 100 th Mk (03k ty Ou 


FREQUEMCY (He) 
ecard 4 


Input Blas Current 


1 


Ural 


rele 


current {2A} 


t 
| 
—}—_ + 
| 
| 
| 
| 
{ 
| 


WIGE WOLTACE [ev 


Cail TimPERe TONE (°C) 
TON 


Supply Current Supply Current 


CURRINT [mal 
CURRINT [mal 


SUPPLY WoL TAGE (av) 


Application Information 


GENERAL 

Twenly Ive years ago the operational amplifier was a spe- 
Clalied design tod used primarily tor analog computation. 
However, the availablity of low cost IC op amps in the late 
1960's prompled their use in rather mundane applications, 
feplacing a few discrete components. Onos a few basic prin- 
ciples are mastered, op amps Can be used to give exception- 
aly good resulls na wile range of applications while mni- 
Mizing both cost and design effort. 

The availablity of a monolithic power op amp now promises 
to extend these advantages to high-power designs. Some 
conventional applications are given here to illustrate op amp 
design principks as they relate to power circuttry. The Inew- 
table fall ln prices, as the economies of volume production 


WA national com 


Output Impedance 


OUTPUT OL TAGE (8) 


Power Supply Rejection 
ae-e er rere 


PLAchoM (28) 


sREQUENCY (He) 


Common Mode Rejection 


Larne (ee) 


106 100m 


Farqurecy (ea) 


nos a? 


Curerer (Al 


FREQU Pelt (ea) 
Cmca LD ; 


are realized, will prompt their use In applications that might 
now seem trivial. Replacing singe power transistors with an 
OP amp will become economical because of Improved per- 
formance, smpification of attendant circullry vastly im- 
Proved faut protection, greater reliabilty and the reduction of 
design time. 

Power op amps introduce new factors into the design equa- 
ton. With current transients above 104, both the inductance 
ami resistance of wire Inkeconnects become Important in a 
number of ways. Further, power ratings are a crucial factor in 
determining performance. But the power capability of the IC 
cannol be realized unfess tt Is properly mounted to an ad- 
equate hea sink. Thus, thermal design ts of major mpor- 
tance wilh power op amps. 

This application summary starts of by Kentifying the origin 
of strange profiems cbserved while using the LM12 In a 
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Application Information (continua 


wide variety of designs wilh al sorts of fault conditions. A hw 
simple precautions will eliminate these protlems One 
would do wellto read the section on supply bypassing, 
lead Inductance, output clamp diodes, ground loops and 
reactlve loading before doing any experimentation. 
Should there be protlems with erratic operation, 
blowouts, excessive distortion or oscillation, another 
look at these sections Is In order. 


The management and protection circuitry can also affect op- 
eration. Should the total supply voltage exceed ratings of 
drop below 15-20V, the op amp shuls off completely. Case 
temperatures above 150°C also cause shul down until the 
temperature drops to 145°C. This may take several seconds, 
depending on the thermal system. Activation of the dynamic 
sale-area protection causes both the main feedback loop to 
lose control and a reduction in oulput power, wilh possible 
osciiations. In ac applications, the dynamic protection will 
cause wavetorm distortion. Since the LM12 Is well protected 
against thermal overloads, the suggestions tor determining 
power dissipation and heat sink requirements are presented 
last. 


SUPPLY BYPASSING 


Al op amps shoukl have ther supply kads bypassed with 
low-inductance capacitors having short leads and located 
close to the package tarmind’s to aveld spurious oscillation 
proWlems. Power op amps require larger bypass capacitors. 
The LM12 Is stable with good-qualily electrolytic bypass ca- 
pacttors greater than 20 pF. Other considerations may re- 
quire larger capactors. 

The current in the supply eds ts a rectiNed component of 
the load current. If adequate bypassing ts not provided, this 
distorted signal can be fed back Into intemal crcuttry. Low 
distortion at high Mequenctes requires that the supples be 
bypassed with 470 pF of more, al the package termina’. 


LEAD INDUC TANCE 

With ordinary op amps, ead-Inductance problems are usu- 
aly restricted to supply bypassing. Power op amps are also 
sensitive to Inductance in the oulput bad, particularly with 
heavy capacitive bading. Feedback to the Inpul should be 
taken directly (rom the output terminal, minimizing commen 
Inductance with the load. Sensing to a remote load must be 
sooompaniad by a high-frequency edback palh directly 
from the ouput terminal. Lead inductance can also cause 
vollags surges on the supplies. Vilth long leads to the power 
source, energy stored in the kad Inductance when the out- 
put Is shorled can be dumped back Into the supply bypass 
capeciions when the short ts removed. The magnitude of thts 
transient is reduced by increasing the size of the bypass ca- 
pacttor near the IC. With 20 JF local bypass, these vollage 
surges are Important only if Ihe ed lengih exoseds a couple 
feet (> 1 PH Bad nductance). Twisting together the supply 
and ground leads mininzes the effect. 


GROUND LOOPS 


With fast, high-current cireuttry, all sorts of problems can 
alse from Improper grounding. In general, difficulties can be 
avoided by returning all grounds separataly to a common 
paint. Sometimes this Is Impractica. When compromising, 
special attention shoukl be paid to the ground retums for the 
supply bypasses, load and Input signal. Ground planes also 
halp to provide proper grounding. 


Many problems unrelaled jo sysiem periormanca can be 
traced to the grounding of line-operated test equipment used 
for system checkout. Hilden pals are particularly dificult to 
sort oul when several pleces of test equpment are used but 
can be minimized by using current probes or the new tso- 
laled oeciloscope pre-ampiiiers. Eliminating any drect 
ground connecton between the signa genera and the os- 
Cilnscope synchronization input solves one common prob- 
lem. 


OUTPUT CLAMP DIODES 

When a push-pull ampiiier goss Into power limit while dity- 
Ing an inductive load, the sired energy in the load induc- 
tance can drive the culput outside the supplies. Although the 
LM12 has Internal clamp diodes thatcan hand several am- 
peres for a Hw milliseconds, extreme conditions can cause 
destruction of the IC. The inkarmnal damp dodes are imper- 
fect in that about hall the damp current flows into the supply 
to which the output Is clamped while the other hall tows 
across the supplies. Theretore, the use of extemal diodes to 
Clamp the output to the power supples Is strongly recom- 
mended This ts particularly important with higher supply 
vollages. 

Expenence has demonsirated that hard-wire shorting the 
output to the supples can Induces random failures If these ex- 
ternal clamp diodes are nol used and the supply vollages are 
above +20V. Theretore it ts prudent to use oulpuklamp d- 
Odes even when the load Is not partoularty nductive. This 
also applies to experimental setups in that blowouls have 
been observed when diodes were not used. In packaged 
equipment, il may be possitte fo eliminate these diodes, pro- 
Widing that fault conditions can be contretled. 


Heat sinking of the clamp diodes ts usually unimportant in 
that they only clamp current transients. Forward drop with 
154 fault transients ts of greater concern. Usually, these 
transients de ouf rapkily. The clamp to the negaiive supply 
can have somewhat reduced effectensss under worst case 
conditions should the forward drop exceed 1.0V. Mounting 
this diode fo the power op amp heat sink mproves the situ- 
ation. Although the need has only been demonstrated with 
some motor loads, Including a third dode (D3 above) wil 
eliminate any concern about the damp dodes. This dode, 
however, must be capable of dissipating continuous power 
8s determined by the negative supply current of the op amp. 


REACTIVE LOADING 


The LM12 Is normaly stable with resistive, Inductive or 
smaller capactiive loads. Larger capadtive loads Interact 
with the open-loop output resistance (about 19) to reduoe 
the phase margin of the feedback loop, ulimalaly causing 
oscilalion. The citical capacitance depends upon the ted- 
back applied around the amplifier, a unilygain follower can 
handle about 0.01 pF, while more than 1 YF does not cause 
prodlems If the loop gain is ten. With loop gains greater than 
unily, a speedup capactlor across the feedback resistor will 
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Application Information (continues 


aid stability. In al cases, the op amp will behave predictably 
only If he supplies are bypassed, ground loops are 
contalied and hightrequency feedback Is derwed drectly 
from the output temrinal, as recommended earter. 

So-called capacitive loads are not always capacitive. A 
Nigh-@ capectior in combination with long ads can present 
8 Sefies-resonant load fo the op amp. In practios, this ts not 
usually a problem; bul the situation should be kept in mind. 


u 

4u 

> ouT 

in Rt! 
p 4? 


eos bd 


Large capaciiive loads (Including sefes-resonant) can be 
accommodated by tsolaing the feadbeck amplifier from the 
lead as shown abowe The Inductor gives low oulput Imped- 
ace af lower requencies while providing an Isolating im- 
pedance at high requencdes. The resistor kills the Q of se- 
les resonant direuts formed by capacitive loads. A low 
Inductance, carbon-composition resistor ts recommended. 
Optimum values of L and R dapand upon the feedback gain 
am expected nature of the load, but are not critica. A4 pH 
Inductor Is obtained with 14 turns of number 18 wire, clase 
Spaced, around a one-inch-dameter form. 


The LM12 can be made stable for al loads with a large ca- 
pacttor on the output, as shown above This compensation 
Qves Ihe lowest possitte clsedtoop oulpul impedance at 
high frequencies and the best load-transient response. It ts 
appropiate for such applications as voltage regulators. 

A feedback capacitor, C,, ts connected directly to the output 
Pin of the IC. The output capactior, C,, ts connected at the 
culput termina wih short beads. Single-pont grounding to 
avo de and ac ground oops bs advised. 

The mpedance, Z;, is the wire connecting the op amp output 
to the load capadtor About 3-Inches of number-18 wire 
(70 nH) Gives good stability and 184nches (400 nH) begins 
to degrade bed-transient response. The mintmum load ca- 
pacilance 5 47 pF, if @ solkd-tantalum capacitor with an 
equivalent series resistance (ESR) of 0.1 1s used. Electro- 
lytic capacitors work as wel, although capacitance may have 
to be Increased to 200 pF to bring ESR balow 0.122. 

Loop stability ts not the only concern when op amps are op- 
eraled wilh reactive loads. With time-varying signals, power 
dissipation can also ncrease markedly. This 1s perticutarty 
tue wih the combination of capadive keds and 
High-frequency excttation. 
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INPUT COMPENSATION 

The LM12 Is prone to Jow-arplituds oscillation bursts com- 
Ing out of saturation If the high4requancy loop gain ts near 
unity. The voltage folower connection Is most susceptible. 
This gitching can be elminaied at the expense of 
small-signal bandwidth using nput compensation. Input 
compensation can also be used In combination with LR load 
isolation to Improve capacitive load stability. 


Td © 


An example of a voltage follower with Inpul compensation 
shown here. The R,C, combination across the input works 
with R, to reduce Bedback at Nigh frequencies without 
geally affecting response below 100 kHz. A lead capacitor, 
C,, improves phase margin al the unity-gan crossover fre- 
quency. Proper operation requires that the output impedance 
of the circuttry driving the follower be well under 1 ko al Ire- 
quences up to a few hundred kilohertz. 


Cen 


Extending input compensation to the Integrator connection ts 
shown here. Both the follower and this integrator wil handle 
1 PF capacitive lading without LR output (sctation. 


CURRENT DRIVE 


mie 
10k 


* PRECISION RESISTORS 
seme 


This cireut provides an output current proportional to the in- 
put voltage. Current drive Is sometimes preferred for servo 
motors because It aks In stabilizing the servo loop by reduc- 
Ing phase lag caused by motor Inductance. In applications 
requiring high output resistance, such as operational power 
supplies running in the current mode, matching of the fead- 
back resistors to 0.01% Is required. Altematay, an adjust- 
able resistor can be used for trimming. 
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Application Information (contnued 
PARALLEL OPERATION 


inno 


Output dive beyond the capabllly of one power ampiiter 
can be provided as shown here. The power op amps are 
wired as followers and connected In paratel with the oulputs 
coupled through equalization resists. A standad, 
high-vollage op amp Is used to prove voltage gain. Overall 
feedback compensates for the vollage dropped across the 
equalization resistors. 

With paralel operation, there may be an inerease In un- 
loaded supply current related to the offset voltage across the 
equalization resistors. More oulput butlers, with individual 
equalization resistors, may be added to meat even higher 
dive requirements. 


tscce 1) 


This connection allows increased oulput capability without 
requiring a separate control amplifier. The output butter, A, 
provides load current through R., equal to that suppled by 
the main amplifier, A;, through Ry. Again, more output burt- 
ers can be added. 

Current sharing among paraliaied amplifiers can be affected 
by gain error as the power-banchwidth limit is approached. In 
the frst cireutt, the operating current Increase will depend 
upon the matching of high4requency charactertsties. In the 
second circuit, however, the entire input error of A, appears 
across R, and R,. The supply current nerease can cause 
power limiting to be activaled as he skew limit Is ap 


Proached. This will not damage the LM12. Il can be avokled 
In both cases by connecting A, as an inverting amplifier and 
resticting bandwidth with Cy. 


SINGLE-SUP PLY OPERATION 


00a 4 


Although op amps are usualy operated from dual supplies, 
singk-supply operation ts practical. This brkige amplifier 
supplies D-drectional current dive to a servo motor while 
Operating from a single positive supply. The output ts easily 
converted to voltage drive by shorting R,, and connecting R, 
to the output of A,, rather than A,. 

Ether input may be grounded, with bi-directional dive pro- 
vided to the other. 1115 also pessibie to connect one Input to 
@ positive referenos, with the Input signal varying about this 
vollage. If the reference voltage Is above 5V, R, and R, are 


not required. 


HIGH VOLTAGE AMPLIFIERS 


The voltage swing dalvered to the load can be doubled by 
using the bridge connection shown here. Output clamping to 
the supplies can be provided by using a brkige-rectiier as- 
seimbly. 
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Application Information (continues 


Cord 


One limitation of the standard brkigs connection ts that the load cannot be retumed to ground. This can be ciroummented by op- 
erating the bridge wilh floating supplies, as shown above. For single-ended drive, elther inpul can be grounded. 


Ceca 17 


This cireut shows how two amplifiers can be cascaded to double output swing. The advantage over the bridge ts that the output 
can be Increased with any number of stages, although separate supplies are required for each. 


Discrete transistors can be used to Increase oulput dive to +70V al +104 as shown above. Vilth proper thermal design, the IC 
wil provide safe-area protection for the external transistors. Vollags gain t's about thirty. 
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Application Information (contnuen 
OPERATIONAL POWER SUPPLY 


Note: Supply voltages for ha LAW21Gs are 215 


OSs Io 


Extermal current limit can be provided for a pawer op amp as shown above. The postive and negative current limits can be set 
Precisely and Indapandently. Fast response Is assured by D, and D,. Adjustment range can be set down fo zero with potentiom- 
elers R, and R,. Alternately, the limit can be programmed from a vollags supplied to R, and R,. This Is the set up required for 
an operational power supply or vollage-programmabk power sours. 


SERVO AMPLIFIERS 

When making servo systems with a power op amp, there ts 
a temptation to use It for frequency shaping to stabilize the 
servo loop. Sometimes this works; other times there are bet- 
ter ways; and cecastonalty tt just doesn't fly. Usually i's a 
matter of how quickly and to what accuracy the servo must 
statilize. 


This motorlachometer servo gives an outpul speed propor- 
tional to Input voltage. A low-level op amp Is used for tre- 
quency shaping while the power op amp proves current 


dive fo the moter. Current drive eliminales loop phase shit 
due to metor Inductance and makes high-performance ser- 
vos easier to stabilize. 


This position servo uses an op amp to develop the rate si- 
nal electicaly mstead of using a tachometer In 
high-performance servos, fale signals must be developed 
with large error signals well beyond saturation of the motor 
dive. Using a separate op amp with a feedback damp a- 
lows the rate signal to be developed property with position 
errors more than an order of magnitude beyond the 
loop-saluration level as long as the pholodiode sensors are 
positioned with this in mind. 





www. rational.com 


73 


Application Information (continued 
VOLTAGE REGULATORS 


An op amp can be used as a positive or negative requiator. 
Unlike most reqguiators, It can sink current to absorb energy 
dumped back into the output. This positive requiator has a 
0-S0V output range. 


v < eo 


o 


INZ243 


Dual supples are not required to use an op amp as a vollage 
fequiator If zero output is not required. This 4V to 50V requ- 
lator operates from a singe supply. Shoukl the op amp not 
be able to absorb enough energy to contra an overvaltage 
condiion, a SCR will crowbar the output. 


REMOTE SENSING 


mm 
oe 


Remote sensing as shown above allows the op amp to cor- 
fect for de drops in cables connecting the bad. Even so, 
cable drop will alfect transient response. Degradation canbe 
minimized by using tasted, heavy-gauge wires on the out- 
pulling. Nommaly, common and one Input are connected to- 
gether al the sanding end. 
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AUDIO AMPLIFIERS 


Cex 


A power ampitier sultatte for use in high-quality audio equip- 
ment ts shown above. Hamont distortion Is about 
0.01-paroant. Intarmodulation distortion (60 Hz/7 KHz, 4:1) 
measured 0.015-percent. Transient response and saturation 
fecovery are dean, and the 9 Vs slew rate of the LM 12 wr- 
tually elminales transient intermodulation distortion. Using 
separals amplifiers to drive low- and high-frequency spaak- 
es ge6 rh of highteval crossover networks and allenua- 
tors. Further, tt prevents clipping on the low-frequency chan- 
nel from distorting the high frequencies. 


DETERMINING MAXIMUM DISSIPATION 


It ts a simp matter to establish power requirements tor an 
op amp driving 4 resistive load al frequencies well below 
10 Hz. Maximum dissipation cecurs when the oufpul Is at 
on-hall the supply voltage with high-line conditions. The in- 
dvidua culput transistors must be rated to handiis thts power 
continuously al the maximum expected case lamparature. 
The power rating 6s limted by the maximum junction tem- 
perature as determined by 

Ty = Te + Proses Oc, 
where T. |s the case tenperalure as measured al the center 
of the package bottom, P,...< 15 the Maximum power dissipa- 
tion and 4... ' the thermal resistance at the operating voll- 
age of the oulput transistor. Recommended maximum june- 
tion temperaiures are 200°C within the power transistor and 
150°C tor the control circuttry. 
If there Is ripple on the supply bus, tt ts valid to use the aver- 
age value worst-case calculations as tong as the peak rat- 
Ing of the power transistor ts nol exceeded at the ripple peak. 
Valh 120 Hz tipple, this Is 1.5 times the continuous power 
rating. 
Dtssipation requirements are not so easily estatiished with 
time varying oulput signals, especialy with reactive loads. 
Both peak and continuous dissipation ratings must be taken 
Into account, and these depend on the signa waveform as 
well as load charactertsitcs. 
Wilh a sine wave oulpul, analysts Is fairly straightiorward. 
With supply vollages of +V., the maximum average power 
dissipation of both output transistors 


a 


~ Fe ZL ry 6< 40% 


Prax 


~ vs? 


Puax 22 


[2 - cose |, @> 40", 
7 
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Application Information (contnued 


where Z, 1s the magnitude of the load Impedance and # tts 
phase ange. Maximum average dissipation oocurs below 
Maximum output swing for# = 40°. 


oesirance [n} 


COSTUICTION ANGLE [DEGEETS) 
(SCM 78 

The Instantaneous power dissipation over the conducting 
half cycle of one oulput transistor Is shown here. Power ds- 
Sipalion Is near zero on the other half cycle. The output level 
ts that resulting In maximum peak and average dissipation. 
Plots are given for a resistive and a series RL load. The latter 
Is representative of a 4.0 loudspeaker operating balow reso- 
nanos and would be the worst case condition In most audio 
applications. The peak diss pation of each transistor ts about 
four times average. In ac applications, power capability Is af- 
ten limted by the peak ratings of Ihe pawer transistor. 

The pulse therma resistance of the LM12 ts specified for 
constant power pulse duration. Establishing an exact 
equivalency between constant-pawer pulses and those en- 
countered In practios is nol easy. However, for sine waves, 
reasonable estimates can be made al any frequency by as- 
suming a constant power pulse ampiilude gyven by: 


Pp = Vs? 1-208 (4-6) |. 
22. 


where 6 = 60° and 61s he absolute value of the phase ange 
of Z,. Equivalent pulse wilh is t.,,, =O.4c fora = Oandt.., 
= 0.20 for = 20°, where ¢ Is the pertod of the output wave 
form. 


DISSIPATION DRIVING MOTORS 

A motor with a locked rotor looks Ike an Inductance In sees 
wilh a resistanoe, tor purposes of determining driver dissipa- 
tion. Wilh slow-response servos, the maximum signal ampl- 
tude al Tequencies where motor inductance Is significant 
can be so small hat motor nductance does not have to be 
taken into account If thts Is the case, the motor can be 
treated as a simpk, resistve load as long as the rotor speed 
ts low enough that the back emf ts smal by comparison to 
the supply voltage of the driver transistor. 

4 pemanent-magnet moter can buld up a back ernf that ts 
@qual to the output swing of the op amp diving IL Reversing 
this motor from full speed requires the output drive transistor 
to operate, intially along a loadine based upon the motor 
resistance and ictal supply vollage. Worst case, this loadiine 
will have to be within the continuous dissipation rating of the 
dive transistor, but system dynamics may permit taking ad- 
vantage of the higher pulse ratings. Motor nductance can 
Cause added stress If system response ts fast. 

Shunt- and setles-wound motors can back emis 
thal are considerably more than the total supply voltage, re- 


sulting in even higher peak dissipation than a 
permanentmagnet motor having the same lockad-+olor re- 
sistance. 


VOLTAGE REGULATOR DISSIPATION 

The pass lransisior disspaion of a vollage requistor ts eas- 
ily dekermined in the operating mode. Maximum continuous 
dissipation cecurs with high Ine vollage and maximum bad 
current. As discussed earls, ripple vollags can be averaged 
If peak ralings are nol exoaaded; however, a higher average 
vollage wil be required to insure that the pass transistor 
does not salurals al the ripple minimum. 

Condiions during start-up can be more complex. IT the Input 
vollags Increases slowly such thal the requiator doss not ga 
into current limit charging oulpul capacitance, there are no 
problems. If nol, load capactlancs and load charactertstics 
must be taken Into account This |s also the case If automatic 
restart is required In recovering trom overloads. 

Automatic restart or start-up with fasttsing Input voltages 
cannot be guaranteed unless the continuous dissipation rat- 
Ing of the pass transistor Is adequate to supply the load cur- 
rent continuously at all vollages below the requialed output 
voltage. In this regard, the L412 perorms much betier than 
IC requiators using fokiback current lim, especialy with 
high-line input vollage abowe 20V. 


POWER LIMITING 


QUTPUT CURSEMT (4) 


~ ' 
is @ 2 3 3S 


Tit (wa) 
pie ad 

Should the power raings of the LM12 be exceeded, dynamic 
sale-area protection ts activated. Wavetormns with this power 
liming are shown for the L412 diving £26V at 20 Hz Into 
30. In series with 24 MH (# = 45°). Vath an Inductive load, the 
oulpul clamps to the supplies In power limit, as above. vith 
resistive loads, the output voltage drops in limt Behavior 
with more complex RCL loads Is between these extremes. 
Secondary thermal limit 's activated shoukl the case tem- 
peralure exceed 150°C. This thermal limit shuts down the IC 
completely (open output) until the case temperature drops to 
about 145°C. Recovery may take several seconds. 


POWER SUPPLIES 

Power op amps do not require requiated supples. However, 
the worst-case oculpul power bs determined by the wine 
supply voltage In the nipple trough. The worst-case power 
dissipation |s established by the average supply vollage with 
hightine conditions. The loss in power output that can be 
guaranteed ts the square of the ratio of these two vollages. 
Raalvely simple ofine switching power supplies can pro- 
vide vollage conversion, line Isolation and 5-percent requia- 
tion while reducing size and weight 

The requiation against ripple and line variations can provide 
4 subelantal increase In the power oulpul thal can be quar- 
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Application Information (continues) 


anteed under werst-case conditions. In addition, switching 
Power Supplies can convert low-vollage power souroes such 
as automotive batteries up to reguialed, dua, high-voltage 
Supplies optimized for pawering power op amps. 


HEAT SINKING 

A. semiconductor manutacturer has no control over heat sink 
design. Temperature raling can only be based upon case 
lemperalure as measured al the canter of the package bot- 
tom With power pulses of longer duration than 100 ms, case 
temperature Is almost entrely dependent on heat sink de- 
sign and the mounting of the IC to the heat sink. 




















TEMPERATURE RISE (°C) 














HEAT-SINK AREA (in*) 
Dene ee 
The design of heat sink Is beyond the scope of this work. 
Convection-cookd heat sinks are avallale commerctally, 
ami ther manufacturers shouki be consulted for ratings. The 
Preceding figure Is a rough guide for lemperature nse as a 
function of fin area (both sides) available tor conwection cool- 
ing. 
Proper mounting of the IC 1s required to minimize the thermal 
drop between the package and the heat sink. The heal sink 
must also have enough metal under the package bo conduct 
heat from the center of the package botlom to the fins wtth- 
cul excessive temperature drop. 
thermal grease such as Wakellad type 120 or Thermalloy 
Themmaccte should be used when mounting the package to 
the heatsink. Without this compound, thermal resistance will 
be no beter than 0.5 C/W, and probebly much worse. Wilh 
the compound, therma resistance wil be 0.2 C/V¥ or less, 
assuming under 0.005 Inch combined flatness runout for the 
package and heal sink Proper torquing of the mounting 
bolls 1s Important. Four to six inch-pounds ts recommended. 
Shoukl tbe necessary to Isolate V- from the heat sink, an 
Insulating washer !s required. Hard washers like berylum ax- 
Hie, anodized aluminum and mica require the use of thermal 
compound on both faces. Twonl mica washers are most 
common, giving about 0.4 CW Interface resistance with the 
compound. Silibone-rubber washers are aso available. A 
0.5 CW thermal resistance Is daimed without thermal com- 
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pound. Experience has shown that these rubber washers 
deleriorale and must be replaced should the IC be dis- 
mounted. 

“sosirale” Insulating pads tor four-lead TO-3 packages are 
available from Power Devioss, Inc. Thermal grease Is not re- 
quired, and the insulators should not be reused. 


Definition of Terms 


Input offset voltage: The absdlule valus of the vollage be- 
tween the Input terminals with the oulput voltage and current 
al zero. 

Input blas current: The absolute value of the average of the 
two Input currents with the oulput voltage and current at 
zero. 

Input offset current: The absolute value of the difference in 
the two Input currents with the output voltage and current at 
zero. 


Common-mede refection: The ratio of the input vollage 
fange to the change in offset vollage between the extremes. 
Supply-voltage rejection: The ratio of the specited 
SUpply-vollage change to the change in offset vollage be- 
tween Ihe extremes. 

Output saturation threshold: The output swing limit tor a 
Specified Input dive beyond thal required tor zero output. It 
5s measured with respect to the supply to which the outputis 
swingng. 

Large signal voltage gain: The ratio of he oulput vollage 
swing to the differential npul vollage required to drive the 
culput from zero to elther swing limit. The output swing limit 
's the supply vollags less a specified quast-saluralion volt- 
age. A pulse of short enough duration to minimize herma et- 
fects Is used as a measurement signd. 

Thermal gradient feedback: The Inpul offset vollage 
change caused by thermal gradients generated by healing of 
the oulpul transisters, but not he package. This effect bs de- 
layed by several milliseconds and results In Increased gain 
efor below 100 Hz. 

Outpul-current limit: The oulpul current with a fhvad output 
voltage and a large Inpul overdrive The limiting current 
drops with time once the protection cireuttry ts activated. 
Power dissipation rating: The power thal can be disst- 
pated for a specified time interval without activating the pro- 
tection circultry. For time Intervals In exoass of 100 ms, dis- 
sipation capabilty ts determined by heat sinking of the IC 
package rather than by the IC | Beall. 

Thermal resistance: The peak, junclion-temperature rise, 
per unit of Internal power dissipation, above the case lem- 
perature as measured at the center of the package bottom. 
The de thera resistance applies when one output transts- 
tor ts operating continuously. The ac thermal resistance ap- 
les wilh the output transisios conducting alemalaly at a 
Nigh enough frequency that the peak capability of neither 
transisior Is excaeded. 

Supply current: The current required from the power 
source to operate the amplifier with the oulput vollage and 
current al zero. 
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Equivalent Schematic (excuaing active pretection circuttry) 


r 
‘output clamps: hyy 1 
Io 29 
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LM12CL 80W Operational Amplifier 


Physical Dimensions inches (miimeters) untess othentse noked 


0,420-0,500 6.325-0.356 
[10,67<12,70] [6.266.489] 
0.980-1.020 
- a 0.060-0.070 
= osea-a.03] —— an [1,52=1,?8] 


mn A, 0:490"0,510 
} * [12.43-12.95] 


-* 


r 0.080-0.915 
1.177-1.197 [22.55-23.24] 


0.760-0.773 
[29.90-30.40] 


© f19.30-19.68] 





} 


0.038-0.065 
4k B15 or- 1.08) 


g ,0:460-0.480 
(11,68=12, 19] 0.168-0.178 UNCONTROLLED 
® LEAD DPA 


= [4.27-4.52] 





0.025 0.116 
{o.64) “4*— [2.95] 


Wedd [PEW F) 


SEATING PLANE ~~ 
4-Lead TO-3 Steel Package (KK) 
Order Number LM12CLK 
NS Package Number K04A 


LIFE SUPPORT POLICY 


NATIONAL’S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT 
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT AND GENERAL 
COUNSEL OF NATIONAL SEMICONDUCTOR CORPORATION. As used herein: 


1. Lie support devices or systems are devices or 2. A critical component is any component of a life 
systems which, (a) are intended for surgcal implant support device or system whose failure to perform 
into the body, or (b) support or sustain life, and can be reasonably expected to cause the failure of 
whose failure to perform when properly used in the life pe rh devices or system, or to affect its 
accordance wilh instructions for use provided in the safely or elfectiveness. 
labeling, can be reasonably expected to result in a 
significant injury to the user. 


National Serniconductor National Semiconductor National Sericonchctor National Serniconductor 
Corporation Europe Asin Pacific Custorser Japan Lid. 

Anercar Fax: +40 (0) 1 Bd-a30 Ss BB Rez posse Grosp Tet 81.3-5639-1960 

Tet 1-500-272-0609 DAMES 


Erad: europe. com Es Fao: 81-3638: 7207 
Fane 1-900-737-7018 Deutch Tat sani} 1 Bosal as 
Erand: suppot@rac.com jah Tat “a 
oni Fotos Tal + Brot 
wow rations com Italien Tet +49 fl] 180834 16.80 





Natced does ret amarve ary respoenbdty for use of ary orcatry described, vo cece! paterd iceroen are irapbed and Natced muemen te right ot amy tree vitbout votice to change aad orcatry ard apechosicen 
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B. 


’ PD- 91575B 
International ag apHcOD 
Ie@R Rectifier 
INSULATED GATE BIPOLAR TRANSISTOR WITH Short Circuit Rated 
ULTRAFAST SOFT RECOVERY DIODE UltraFast IGBT 
Features 
* High short circuit rating optimized for motor control, Voces = 1200V 
tee =10ps, Voc= 720V, Ty = 125°C, 
Voe = 15V 

Secrest tant rele ie th ich VcE(on) typ. = 2.77V 
switching speed _ 

* Tighter parameter distribution and higher efficiency @Vge = 15V, Ip =24A 


than previous generations 

«GBT co-packaged with HEXFRED™ ultrafast, 
ultrasoft recovery antiparallel diodes 

Benefits 

* Latest generation 4 |GBT's offer highest power density 
motor controls possible 

*HEXFRED™ diodes optimized for performance with IGBTs. 
Minimized recovery characteristics reduce noise, EMI and 
switching losses 

* This part replaces the IRGPHS50KD2 and IRGPHSOMD2 
products 

* For hints see design tip 97003 

Absolute Maximum Ratings 





Vv 


Clamped Inductive Load Current & 


Pubed Collector Current © 


Short Circuit Withstand Time | us | 
Gateto-Emitter Voltage 
| w | 


Ta Operating Junction and -55 to+150 
Tsta Storage Temperature Range °C 
| tts Seiden Temperature, for 10 sec. 300 (0.063 in. (4.6mm) from case 

——— | 


Thermal Resistance 

PC Parameter | Sin. =~] Typ, | Max._| Units | 
Rc | Junction-to-Case - IGBT SEs ee eee ee 
Junotion-to-Oase - Diode _ —_ | |_| 








Case-to-Sink flat, greased surface a ee ee eee 
Junction-to-Ambient, typical socket mount 
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INTERNATIONAL RECTIFIER IRG4PH5OKD IGBT [From Ref. 13.] 


Internationa 


IRG4PH50KD TaR Rectifier 


Electrical Characteristics @ T, = 25°C (unless otherwise specified) 


2 ———————— p.|Max.[ Units] Conditions | 
Colketorto-Emitter Breakdown Voltage® Vae = OV, Io = 250pA 


AVierces!ATy | Temperature Coeff. of Breakclown Vokage VIC | Vase = OV, Ip = 1.0MA 


Collector-to-Emitter Saturation Voltage 


Gate Threshold Voltage 
AVaenvATy | Temperature Coeff. of Threshold Volage 
id =———s| Forward Transconductance ® 


Ices Zero Gate Voltage Collector Current 
Diode Forward Voltage Drop 


Parameter tin. Typ. |tax.| units] Conditions 
Total Gate Charge (turn-on | — | 480 | 270 | 

Qh. Gate - Emitter Charge (turn-on) See Fig.8 
all 0 0 
Maen [tum-OnDebyTime Sd — Por | — | 
T,___|Rwetime | —|1oo| —| T, = 25°C 
igen | Tum-Of Delay Time —=S~C~*sYSC*di | 0 = 244, Voc = 800V 
| 200 | 300 | Var = 15V, Aa = 5.09 
on Turn-On Switching Loss Energy beses include “taif' 
at Turn-Off Switching Lass and diode reverse recovery 
Total Switching Loss 7a] 7. See Fig. 910,18 


tye Short Circuit Withstand Time Veo = 720V, T, = 125°C 


Vae = 15V, Ag = 5.02 
T,=150°C, See Fig. 10,11,18 
i 72 l= 24A, Voc = B00V 
tajcen) 


ce = Vae, kb = 250A 


Ea Vce = 100V, Ic = 24A 


at = OV, Vee = 1200V 


OODGOENONDE 
wo 
sy | =I 
ER EOOE0OEO0 
ao 
o 


mim 


Vae = 15V, Ag = 5.00, 

cn) | — |390] — | Energy leses include "tail" 

[Ex | Total SwitchingLoss |] — (18.96) — | mi | and diode reverse recove 

P= [13 | — | nd | 
Input Capacitanos | — |2a00] — | Var = OV 
Output Capacitance | — | ido] — | Vcc = SOV See Fig. 7 
Reverse Transfer Capacitance ia] —| = 1.0MHz 

T,=25°C See Fig. 

T=1250 14 lp = 416A 

T,=25°C See Fig. 

Ty = 125°C 15 Va = 200V 

TW=25°C SeeFig. 

Ty = 125°C 16 | di/dt = 200A/p5 


dijccyaldt | Diode Peak Rate of Fallot Recovery | — | 120] T=25°C SeeFig. 
During te | — | 76 | Ty = 125°C 17 





Nh 
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iene IRG4PH50KD 


LOAD CURRENT (A) 


lo, Callector-to-Emitter Current (A) 
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f, Fraquency (KHz) 


Fig. 1- Typical Load Current vs. Frequency 
(Load Current = Ips of fundamental) 
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= 
= 
4 
= 
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2 
S 
Se ss i 
o 
(a) 
Voe =15V — 
; 20us PULSE WIDTH! ; 
1 10 5 6 7 a, Bt Ss 40°. At 
Voe, Colector-to-Emitter Vattage (Vv) Vge, Gate-to-Emitter Voltage (Vv) 
Fig. 2 - Typical Output Characteristics Fig. 3 - Typical Transfer Characteristics 
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IRG4PH50KD 


al DY 
Bx Ud 
Alas Ge ee ee 
Si 


30 


eae 
El NG PAS 
Bln elcisicrs 
aa es Pa 
Ea it a 
EA Tl es 


0 
25 50 76 100 125 150 
Tc, Case Temperature ( “D) 


Maximum DC Collector Current(A) 





Fig. 4 - Maximum Collector Current vs. Case 
Temperature 





Internationa 
TaR Rectitier 


THOTT UU HALA 


=n bi HL Ic=_48A 


LTO 


3.5 


3.0 


2.6 


ro 


Voge, Collector--Emitter VoltagelV) 





0 0 20 40 6 8 100 120 140 160 
Ty , Junction Temperature (°C) 


Fig. 5 - Typical Collector-to-Emitter Voltage 
vs. Junction Temperature 


No 
: Duty factor De ty /t 
2.Peak Ty=Foe x ge +To 


ao OA { 
1,, Rectangular Pulse Duration (sec) 


Fig. 6 - Maximum Effective Transient Thermal Impedance, Junction-to-Case 
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eke IRG4PH50KD 





f = 1MHz 
_ Cos SHORTED 
ae 
c alll ae es anil 2 sil Via ana d| Bn Pa 
3 a A I A | 
§ = | 
= , 
& 3 A 
3 3 
Ww 
> 
tc min m—— ||| : 
1 100 wo 40 a 120 160 200 
Voge: Colloctorn-Emiter Vollage (V) Qg,. Total Gate Charge (nc) 
Fig. 7 - Typical Capacitance vs. Fig. 8 - Typical Gate Charge vs. 
Collector-to-Emitter Voltage Gate-to-Emitter Voltage 


Total Switching Losses (mJ) 
Total Switching Losses (mJ) 





1 
 -40 -20 0 20 40 & 8B 100 120 140 180 





R., Gate Resistance (0) Ty, Junction Temperature (°C ) 
Fig. 8 - Typical Switching Losses vs. Gate Fig. 10 - Typical Switching Losses vs. 
Resistance Junction Temperature 
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IRG4PH50KD raatac te 


1000 r— 


— < 
o = 100 
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a 3 
2 ihe 
i 


i i+ ; 
wimiilll Co CO 


sare operative ares [IIHT | Ul 





a 10 20 40 50 1 10 100 1000 10000 
| &, Collector Riad (A) Voce, Colkector-to- Emitter Voltage (V) 
Fig. 11 - Typical Switching Losses vs. Fig. 12 - Tum-Off SOA 


Collector Current 


1000 


= 


Instantaneous Forward Current (A ) 





4 
= aa 
aS eae 
fons eae 
Ease] 
ala 
a 
Sine 
eae 
ag 
oF 
ma i 
iar § 


‘Forman Voltage Drop - Ven (V) 
Fig. 13 - Typical Forward Voltage Drop vs. Instantaneous Forward Current 
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Internationa 


Tor Reciilier | IRG4PH50KD 


: 
y 
os 


. 
| 





diy/dt- (Avs) 
Fig. 14 - Typical Reverse Recovery vs. digc Fig. 15 - Typical Recovery Current vs. dif/dt 


1200 


H T= 125°C == 


LI 25°C 





a 
= = 
o =< 
5 =< 
= 10 
a = 
cs) o 
2 
= 
300 
0 10 
100 1000 
Cig fcdt - (Ass) diy/dt- (Aus) 
Fig. 16 - Typical Stored Charge vs. clip/ctt Fig. 17 - Typical dijrecyy/dt vs. clivdt 
www.irf.com 7 
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Internationa 


IRG4PH50KD Tar Rectifier 





80% Vge 


+V¥age 






o 1145S 
Voaicdt 






Fig. 18a - Test Circuit for Measurement of 
IL Eon: Eometoaey. tir, Qn, bis tajony, ty. tayom, tr 


Fig. 18b - Tast Waveforms for Circuit of Fig. 18a, Defining 
Eon, tayo, tr 


GATE VOLTAGE D.U.T 






DUT VOLTAGE 
AND CURRENT 








DIODE RECOVERY 
WAVEFORMS 


att 
Erac = [ Veiedt 
z “1 
DIODE REVERSE 
RECOVERY ENERGY 





Fig. 18¢ - Test Waveforms for Circuit of Fig. 18a, Fig. 18d - Test Waveforms for Circuit of Fig. 18a, 
Defining Eon, tajon), tr Defining Epec, tr, Op, tr 
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Internationa 


TOR Rectifier IRG4PH50KD 


GATE SIGNAL 
DEVICE UNDER TEST 


CURRENT D.UT 





VOLTAGE IN D.U.T 


H s 8 
| CURRENT IND4 
7 : 
i 

1 

' 
to t1 12 


Figure 18e. Mocro Waveforms for Figure 180s Test Circuit 





R S60V 
4X Ip @25°C 
0-480V 
Figure 19. Clamped Inductive Load Test Circuit Figure 20. Pulsed Collector Current 
Test Circuit 
www.irf.com 9 
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IRG4PH50KD 


Notes: 
® Repetitive rating: Vge=20V ; pulse width limited by maximum junctiontamperature 


(figure 20) 
@Vee=80%l(V ces), Voe=20V, L=1 OH, Rg=5.082 (figure 19) 
@ Pulse width = 80s; duty factors 0.1%. 
® Pulsewidth 5.0ps, single shot. 


Case Outline — TO-247AC 


IR SOUTHEAST ASIA: 1 Kim 


10 


20.90 [201) 
19.00 [775) 


, 1440 (582) 
14.20 (559) 


2.40 (054) 
2.00 (079) 
2X 






1.45 (143) 

1.55 (149) 

° ) 
[4 










15.91 426) am (20) 
#0¢E ) 
2.50 |.019) 
1.50 |.039) 
4 






OTs OF 


5.50 (217| 
© gen (477) 


430(.171) 
4.78 (145) 


1 AB [.158) LID (081) 
3X son |.) 8X aap (.016) 
CDE ¢ IS Ea) 2.48 |.192) 
2.41 |.133) 2.28 |.087) 
2.08 |.118| 


CONFORMS TO JEDEC OUTLINE TO-247AC (TO-3P) 


Dimensions it N fimetars and (inches| 


« LONGER LEADED j2amm| 
VEREDN AVAILABLE [TD-ae7A0} 
TOORDER ADD -E'SUFFX =| 


International 
TaR Rectifier 


1 CIMENSIONS 4 TOLE RAWCING 
DER ANS! 114.28, 1982 

2 CONTROLLING DIVERSION: NCH 

2 DIMENSIONS ARE SHOWN 
MILLIMETERS §NCHES| 

4 CONFOANS TO JEDEC OUTLINE 


International 
IsaR Rectitier 


IR WORLD HEADQUARTERS: 233 Kansas St, El Segundo, California 90245, USA Tel: (310) 252-7105 
IR EUROPEAN REGIONAL CENTRE: 439/445 Godstone Rd, Whyteleafe, Surrey CR3 OBL, UK Tel: ++ 44 (0)20 8645 8000 
IR CANADA: 15 Lincoln Court, Brampton, Ontario L6TSZ2, Tel: (905) 453 2200 

IR GERMANY: Saalburgstrasse 157, 61350 Bad Homburg Tel: ++ 49 (0) 6172 965900 
IR ITALY: Via Liguria 49, 10071 Borgaro, Torino Tel: ++ 39 011 451 0111 

IR JAPAN: K&H Bidg., 2F, 30-4 Nishi-lkebukuro 3-Chome, Toshima-Ku, Tokyo 171 Tel: 81 (0)3 3983 c0e6 


Promenade, Great World City West Tower, 13-11, Singapore 237694 Tet ++ 65 (0)898 4690 


IR TAIWAN:16 FI. Suite D. 207, Sec. 2, Tun Haw South Road, Taipei, 10673 Tel: 886-(O)2 2377 99c6 
Data and speotications subject to change without notice. 7/00 
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C. INTERNATIONAL RECTIFIER HFA25PB60 HEXFRED™ DIODE [From 
Ref. 14.] 


Bulletin PD-2.338 rev.A 11/00 


International 
TER Rectifier HFA25PB60 








HEXFRED™ Ultrafast, Soft Recovery Diode 
Features — Ve = 600V 

+ Utrafast Recovery Vv .)* = 1.3V 

+ Utrasoft Recovery f (yp Z 

* Very Low lapse leva) = 254 

* Very Low Qy Qa (typ.)= 112 

* Specified at Operating Conditions Irena = 104 
Benefits = 

+ Reduced RFI and EMI 27 in(typ.) = 23ns 

* Reduced Power Loss in Diode and Switching ; dijrocawdlt (lyp.) = 250A/us 
Transistor 


+ Higher Frequency Operation 
* Reduced Snubbing 
* Reduced Parts Count 


Description “SS 
International Rectifiers HFA2SPB60 is 4 state of the art ultra fast recovery 
diode. Employing the latest in epitaxial construction and advanced processing 
techniques ft features 4 superb combination of characteristics which result in 
performance which is unsurpassed by any rectifier previously available. With TO-247AC (Modified) 
basic ratings of 600 volts and 25 amps continuous current, the HFA2SPB60 is 
especially well suited for use as the companion diode for IGBTs and MOSFETs. 
In addition to ultra fest recovery lime, the HEXFREO product line features 
extremely low values of peak recovery current (Inaw) and Goes not exhibil any 
tendency to "snap-olf" during the & portion of recovery. The HEXFRED features 
combine to offer designers @ rectifier with lower noise and significantly lower 
switching losses in both the diode and the ewitching transistor. These HEXFREO 
advantages can help to significantly reduce snubbing, component count and 
heatsink sizes. The HEXFRED HFA2SP6560 is ideally suited for applications in 
power supplies and power conversion systems (such as inverters), motor 
drives, and many other similar applications where high speed, high efficiency 
is needed. 





Absolute Maximum Ratings 


| | Parameter 
ve 


Ver 
Hess | Maximum Repetitive Forward Current | 
P 


» Te 
Maximurn Power Dissipation 
Storage Temperature Range 
*125°C 
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HFA25PB60 International 


Electrical Characteristics @ T, = 25°C (unless otherwise specified) 


Ip * 25A 
Veu Max Forward Voltage v [le «SOA See Fig. 7 
le * 254. T, * 125°C 
rail 
[cr 


Max Reverse Leakage Current Va Ve Rated See Fig. 2 
Ty * 125°C, Ve * 0.8 x Va Rated 


Junction Capacitance | 55 | 100] oF | Va" 200V See Fig. 3 


| Parameter Min | Typ | Max|Units| Test Conditions 
Reverse Recovery Time 
See Fig. 5,68 16 

2 | === | £05 | 160 | 


Peak Recovery Current 
nas | ‘See Fig. 788 


| Givexasldtt] Peak Rete of Fall of Recovery Current | —— | 250 | —~ | Ajue Lut 252C 
| Fiveeaalt2] During t, See Fig. 11 & 12 | —— | 160] — | Ty 125°C 


Ts" 125°C 





® 0.063 in. from Case (1.6mm) for 10 sec 
@ Typical Socket Mount 
@ Mounting Surface, Flat, Snooth end Greased 





2 www.irf.com 
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International HFA25PB60 
TOR Rectifier Bulletin PD-2.338 rev.A 11/00 


Reverse Currert ~ (uA) 





o 200 200 cs 8) 400 S00 600 
Reverse Voltage - Vp (V) 
Fig. 2 - Typical Reverse Current vs. Reverse 
Voltage 


tretantaneous Forward Current «Ie (A) 





Forward Voltage Drop - V myy(V) 


Juncton Capacitance -C, (pF) 





Fig. 1 - Maximum Forward Voltage Drop 


vs. Instantaneous Forward Current , bes bas — 
Reverse Voltage - Va(V) 


Fig. 3 - Typical Junction Capacitance vs. 
Reverse Voltage 








o 
rs 
i) 
é 
a 
: 
= THERODAL AEDS Nse | 
1. Cady ecer O t/t 
2 Pew Ty= ows Zeuc + To 
ty, Rectangular Pulse Duration (sec) 
Fig. 4 - Maximum Thermal Impedance 2). Characteristics 
www irfcom 3 
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HFA25PB60 International 


‘ = 
aaah 

aS ay 
PS ay 

A Peet yy 





100 1000 ( 
digidt - (Aius) = di fiat - (Ajus) an 


Fig. 5 - Typical Reverse Recovery vs. diydt Fig. 6 - Typical Recovery Current vs. did/dt 


Te be TT 
mot DL 
aera 

Bue 


di (rec) Midt- (A Aus) 





diy/dt - (A/ps) 7 : digidt - (Aus) 
Fig. 7 - Typical Stored Charge vs. divdt Fig. 8 - Typical Gijrocja/dt vs. dip/dt 
4 www.irf.com 


92 


International HFA25PB60 
TOR Rectifier Bulletin PD-2.338 rev.A 11/00 


REVERSE RECOVERY CIRCUIT 


Vr = 200V 





oO art 
1. chédt - Rate of change of correct 4. - Area under curve defined by ty 
through Zee creasing and new 
te X Saas 
2 bares - Pak reverse recovery current a,= 





9 


S ter ~ Reverse seccwery tiene remem ted 
from zero chomming part of negative 5. diay itt - Peak rate of change of 
a ee PL | cusent durieg & peor of §, 
rouge O75 bares aed O50 pay 
exhapotsied & Zero cerrert 





Fig. 9 - Reverse Recovery Parameter Test Fig. 10 - Reverse Recovery Waveform and 
Circuit Definitions 
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HFA25PB60 


International 


Bulletin PD-2.338 rev.A 11/00 TOR Rectifier 


140 
100 


18.50 Gh426) 3.B6 1h 14s) 530 (LA 
13.90 (0.082) PS ass ia 0 0.185} 


10.056) 
(ete 


22040987) 
WARK OBO (0.2) 
Tan Is) 


- - 0D (Lem 
PEF 


Conforms to JEDEC Outline TO-247AC MODIFIED 


WORLD HEADQUARTERS: 
EUROPEAN HEADQUARTERS: 
IR CANADA: 

IR GERMANY: 

IRITALY: 

IR FAR EAST: 


IR SOUTHEAST ASIA 





Dimensions in millimeters and inches 


International 
TOR Rectifier 


233 Kansas St., £1 Seguedo, California 90246 U.S.A. Tet: (310) 322 3331. Pax: (210) 322 3322. 
Hurst Green, Oxted, Surrey RMB 9BB, U.K. Tel: ++ 44 1883 732020. Fax: ++ 44 1883 733408. 
18 Lincoln Court, Brampton, Markham, Omtario L6TAZ2. Tel: (906) 463 2200. Fax: (208) 476 S801. 
Saalbergstrasse 157, 61380 Bad Homburg. Tel: ++ 49 6172 96690. Fax: ++ 49 6172 966923. 
Via Liguria 49, 10071 Borgaro, Torino. Tet: ++ 39 11 4810111. Fax: ++ 39 11 4810220. 
KEM Bidg., 2, 20-4 Nish+Ikebukuro 3-Chome, Toshima-Ku, Tokyo, Japan 171. Tel: 8132982 0086. 
: 1 Kim Seng Promenade, Great World City West Tower, 13-11, Singapore 237994. Tel: ++ 66528 4620. 


IR TAIWAN: 16 FL Suite 0.207, Seo. 2, Tum Haw South Road, Talpel, 10673, Tatwan. Tel: 886 2 2377 9936. 


itp few. irf.com Fax On-Oamand: +44 1883 733420 Data and specifications swbyect to change without notice. 
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D. SWITCHMODE/HIGH FREQUENCY GATE DRIVER TRANSFORMER 
[From Ref. 15.] 


PRODUCTION TESTS 
iiss ie TURNS RATIO= 100% 
| ¢ 0c Sa eel 


ee 






APPLY = _.1V @ 10 KHz PIN (1 - 2) 





NDUCTANCE = 680 uHYS MIN PINS (1 - 2) 


“S02680-| Loeood 
.150 MIN r é 


.280 MAX 1.040 — 
MAX 


—.700-—4 
1 1 700 
e - °. ° 
! 2 \oooanet 
J F 600 PINS MUST BE FREE OF IMPREGNATION 


agen ee FINAL ASSEMBLY NOTES 
Lege) SPucs 





| 650) 
MOUNTING HOLE PATTERN TOP VIEW 
pr 850 


BOTTOM VIEW 


MagneTek 


MARKING oUR#, DATECODE, SITECODE, BS 
[HETHOD wort wrn vo car [Onan ioet on CORE PARTNO,_coe2s.2 
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E. TOSHIBA TLP250 OPTO-COUPLED GATE DRIVER [From Ref. 13.] 


SEMICONDUCTOR 
TOSHIBA Rens ee 


TECHNICAL DATA 





(TLP20) 


ABSOLUTE MAXIMUM RATINGS (Ta = 25°C) 


CHARACTERISE [svamon [ eanwo [oN | 
[Forward Current 0 mA 
Peak Transient Forward Curent (Note) | Ippr | | A 
[Reverse Voltage CCT SR SCT SCT CVC 
[Junction Temperature 0 | 
“H” Peak Output Current (PwS25.8, fS15kKHZXNote 2)| Iopy |  -15 | 
“L” Peak Output Current (Py= 2.58, f=15kHZ)(Note 2)| Ippy, | +15 | 
Output Voltage Vo 


DETECTOR 


= 
0.73 
IC 
c 


| 8 


Isolation Voltage (AC, Imin., R.H.= 60%, Ta=25°C) (Note 4) 

Note 1 : Pulse width Pw 1ys, 300pps 

Note 2 : Exporenential Wavefom 

Note $ ; Exporenential Wavefom, Iopy = -1,0A(= 2.5), Iopp= +1.0A(S 2.5ys) 

Note 4 : Device considerd a two terminal device : pins 1,2,3 and 4 shorted together, and pins 5, 6, 
7 and 8 shorted together. 

Note 5 : A ceramic capacitor (0.iF) should be connected from pin 8 to pin 5 to stabilize the 
operation of the high gain linear amplifier. Failure to provide the bypassing may impair 


the switehing proparty. The total lead length between capacitor and coupler should not 
exceed lem. 





aa 

a a a 

Operating Temperature Range | Tope |= 20~70 | 
| Tg | = 55~125 |e 

| Toot | 260 | *c 

[2500 | Vrms _| 


RECOMMENDED OPERATING CONDITIONS 


[—cunnncrmnsne | svanor [wn [oe | wax [oN 
Input Current, ON | eon) | 7 | 8 Tt mA 
Input Voltage, OFF = (“ss| CV RCcoRR | OO | — | Ok | CU 
Supply Voltage = ss | Vcc CYS | — | 30 | 20 | VC 
[Peak Output Current S| Jopu/lopn| — | — | +05 | A | 
Operating Temperature | Top | -20 | 25 | Oo | 8 


TLP250 - 2 
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SEMICONDUCTOR 
TOSHIBA rinse 


TECHNICAL DATA 





(TLP20) 


ELECTRICAL CHARACTERISTICS (Ta = —- 20~70°C, Unless otherwise specified) 


TEST 
Gesell el Mes tceeseal cat a 
urr 


[Input Forward Voltage | Vr | — [p=10mA,Ta=25°° | | .6] 1.8] V_| 


Temperature Coefficient of = 
Penge fen =m [= [af - br 
[input Reverse Current | In | — |WR=5V,Ta=25°c | | — | 10] aA | 
cr =0,f=1MHz,Ta=25¢ | — | 45] 250 pF _ 


es bel 
Output Current we =30V = 
Output Voltage 


Supply Current 
Threshold Input |“Output 
Current LH" 
Threshold Input | “Output 
Voltage H—L" L 
Supply Voltage wi 
Capacitance g=0, f=1MHz 
(Input-Output) a=25°C 

g=500V. Ta=25°C 
Resistance (Input-Output) ispecies H.=60% 


* All typical values are at Ta=25°C (*1) ; Duration of Ig time=50us 


=30V, Ip=l0mA 
co=30V, Ip=OmA 
‘a= 25°C 
cc1=+15V, Veg1=-15V 
Ry, =2002, Vo>0V 


CC1= +15V, Vep1= —-15V 
Ry =2000, Vo<0V 


3 
= 





TLP250 — 3 
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SEMICONDUCTOR 
TOSHIBA hid 


TECHNICAL DATA 





(TLP250) 


SWITCHING CHARACTERISTICS (Ta = - 20~70°C, Unless otherwise specified) 


a 


Propagation 
Delay Time Re ee 
pe tee 


Common Mode Transient 

P . =600V, Ip=8mA 
Immunity at High Level Cun CM~ 
Output = zed a le 
Common Mode Transient 
Immunity at Low Level 
Output 


* All typical values are at Ta=25°C 





TLP250 -4 





SEMICONDUCTOR 


TLP2 
TOSHIBA 7 


TECHNICAL DATA 





(TLP250) 


TEST CIRCUIT 1 : TEST CIRCUIT 2 ; IOPL 





1 8 
4 5 
TEST CIRCUIT 3 ; IOPH TEST CIRCUIT 4 ; VOH 





oY 


SEMICONDUCTOR 
TOSHIBA anes 
TECHNICAL DATA 





(TLP2 0) 


TEST CIRCUIT 6 © toLH. tpHL. tr tf 





TEST CIRCUIT 7: Cu. CML 








600V 
Vom ( 90% i 
10% 480(V) 
= 4 CML = ty (ees) 
SW : A(Ip=8mA) 480(V) 
es ee ee CMH CMH = “te(us) 
Vo —2y 26V 
SO, 


SW: B(Ip=0} 


Cy (CH) is the maximum rate of rise (fall) of the common mode voltage that can be 
sustained with the output voltage in the low (high) state. 


TLP250 -6 





TOSHIBA CORPORATION 


100 


SEMICONDUCTOR 
TOSHIBA Balt dd 


TECHNICAL DATA 





(TLP250) 


AVP/ATa — Ip 


























PORWARD CURRENT Ip (mAD 














iY 1z 14 Le 1s pT) “M47 os - 30 











3 
§ 
g 
3 
E ERRERS Bes 
F 


40 ETT L] ite Dp Pry 4” ry Ely too 
AMIMENT TEMPERATURE Te OQ) 








AMMENT TEMPERATURE To (CT) 
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F. POWEREX FAST RECOVERY SINGLE DIODE [From Ref. 16.] 
CS240650 


POWEREX Spee 


a a a a a ee ee aT 
Powerex, Inc., 200 Hillis Street, Younqwood, Pennsylvania 15697-1800 (724) 925-7272 





Outline Drawing 


CS240650, €S241250 
Fast Recovery 

Single Diode Modules 

50 Amperes 600-1200 Volts 





Fast Recovery Single 
Diode Modules 
50 Amperes/600-1200 Volts 


Description: 

Powerex Fast Recovery Single 
Diode Modules are designed for 
use in applications requiring fast 
switching. The modules are isolat- 
ed for easy mounting with other 
components on common 
heatsinks. POW-R-BLOK™ has 
been tested and recognized by 
Underwriters Laboratories 
(QQQX2 Power Switching 
Semiconductors). 


Features: 





Isolated Mounting 








Planar Chips 
UL Recognized AL 









































Applications: 
Dimension Inches Malllimeters Inverters 
A 2.087 53 
B 1.705+0.008 43.340.2 Cho ppere 
c 1.417 36 Switching Power Supplies 
D 1.299 33 Free Wheeling 
E 0.866 22 
F 0.551 14 Ordering Information: 
G 0.354 9 Select the complete eight digit 
H 0.315 F) module part number you desire 
from the table below. 
Z ae u Example: CS241250 is a 
K 0.217 55 1200 Volt, 50 Ampere Fast 
L 0.217 Dia. Dia. 5.5 Recovery Single Diode Module. 
M 0.138 95 
N D118 3 Voltage Current Rating 
Type Volts (x100) Amperes (50) 
P M4 Metric M4 
cs24 06 50 
12 
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Powerex, lnc., 200 Hillis Street, Younqwood, Pennsylvania 15697-1800 (724) 925-7272 


CS240650, CS241250 
Fast Recovery Single Diode Modules 
50 Amperes/600-1200 Volts 


Absolute Maximum Ratings 























Characteristics Symbol CS240650 08241250 Units 
Peak Reverse Blocking Voltage VRRM 600 1200 Volts 
Transient Peak Reverse Blocking Voltage (Non-Repelitive),t<5ms  Vrsym 720 1350 Volts 
DCReverseBhekingVollage iti‘ ‘éCS;OW!#!O!OUO!O!OOUOUO!O!€«~ Rpc).0|)!)!}!}))064800~C~“‘té SOO!O!OCN 
DCCuren,To=10eC pc) 80. 50  Amperes 
Peak One-Cyck Surge (Non-Repetitive) On-State Current (60Hz) lesm 1000 1000 Amperes 
Peak One-Cyck Surge (Non-Repetitive) On-State Current (50Hz) lesm 910 910 Amperes 
T2t(ferFusing), &3miliseconds tet 4165 4165 Arsec 
Storage Temperature TstG -40 to 125 -40 to 125 °C 
Operating Temperature Tj -40 to 150 -40 to 150 *c 
Maximum Mounting Torque M5 Mounting Screw = 17 7 in.-Ib. 
Maximum Mounting Torque M4TerminalScrews—“‘“‘ésSCOC”O”*~*~”~”!CSO!”!!!!!UlUUCU 
ModuleWeight (Typically —s——“‘“‘éS;*™*~“‘“‘(C(“(“(“(“(‘(‘(‘(‘“(‘(<‘“S Ol UO 
Visoaton ==——“‘S;;*”*‘“CS;OCO*~*~‘;!...O!OUNR SD!!! 
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Powerex, inc., 200 Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925-7272 


CS240650, CS241250 
Fast Recovery Single Diode Modules 
50 Amperes/600-1 200 Volts 


Electrical and Thermal Characteristics, T; = 25°C unless otherwise specified 








Characteristics Symbol Test Conditions €$240650/C8241250 Units 
Blocking State Maximums 

Reverse Leakage Current, Peak IRRM Tj = 190°C, VaR = Rated 10 mA 
Conducting State Maximums 

Peak On-State Voltage Vem len = SOA 1.5 Volts 
Switching Minimums 

Reverse Recovery Time ter len = SOA, Tj = 150°C 0.8 pS 

difdt =-200A/ns, VR = 2 Vary 
Reverse Recovery Charge On len = SOA, Tj = 150°C 30 pe 


difdt =-200A/ys, VR = V2 Very 





Thermal Maximums 
Thermal Resistance, Junction-to-Case RaiJ-C) Per Module 0.6 *C Watt 


Thermal Resistance, Case-to-Sink (Lubricated) Rac-S) Per Module 0.4 *C Watt 





D-11 
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Powerex, Inc., 200 Hillis Street, Younqwood, Pennsylvania 15697-1800 (724) 925-7272 


€S240650, CS241250 
Fast Recovery Single Diode Modules 
50 Amperes/600-1200 Volts 


WA30MUM ALLOWABLE PEAK SURGE 


MAXIMIM. 
ON-STATE CHARACTERISTES (NON-REPETITIVE) CURRENT 


MAXIMUM PEAK SURGE [WON-REPETITIVE) 





INST ANTANE CUS CONS TATE VOLTAGE, Wjy, [YOCTS] 





109 10! 102 108 
INSTANTANEOUS ON-STATE CURRENT ry CYCLES ATooM’ 
(AMET RES) 
MAXIMUM REVERSE RECOVERY 
ON-STATE POWER DISSIPATION CHARACTERISTICS 


MAXUM POWER DUSUPATION Pay gwug VAT TSS 





1m 1a! 102 102 
AVERAGE ONSTATE CURRENT, Ir 
|VO EES) ( RES) 


INSTANTANEOUS ON-STATE CURRENT, Ines 
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MAXIMUM ALOWAILE CASE TEMPERATURE, T, fC} 


WATT) 


TRAMBIENT THERMAL IMFEDANCE Z ay 9% ( 


MAQIMUM 
ALLOWABLE CASE TEMPERATURE 


10 2 30 40 
AVERAGE ON-STATE CURRENT, Fy} 
(AMPERES 
TRANSIENT THERMAL MPEDAN 








CHARACTERISTICS (JUNCTION. TTOLERSE) 


1 


101 


102 101 
TIME, t, SECONDS; 





THIS PAGE INTENTIONALLY LEFT BLANK 
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APENDIX B. MATLAB AND ABEL CODE 


Appendix B contains written MATLAB code for the analysis of the power supply 
op-amp frequency response and it contains the ABEL code written for the programming 
of the digital logic controller devices. 

A. POWER SUPPLY OP-AMP FREQUENCY RESPONSE CODE 

1. PowerSupplyOPAmp.m 

% Power Supply 80W Op-Amp (LM12cl) 

% This program is written to verify the frequency response of the 
% LM12CL. 

% ID Parts and their parameters 

Rf = 3300; % Ohms 

R1 = 1100; % Ohms 

Cl = 1.5e-9; % Farads 

% DC Gain of power supply 

GainDC = 1 + (Rf/R1); 

% AC Gain of power supply 


num = [(Rf*R1*C1) (Rf+R1)]; 
den = [(Rf*R1*C1) (R1)]; 


TransFunc = TF(num,den) 
bode(num,den) 


SysPole = pole(TransFunc) 
SysZero = zero(TransFunc) 
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1. PwrFazel.abl 





B. 
MODULE PwrFazel; 
TITLE 'PwrFazel' 














DECLARATIONS 








PwrFazel 


"input pins 
A,B,C 





"equivalences 


Kntr 
Knvrtrout 
H,L,X 
ANYINPUT 
ANYOUTPUT 





GI 


TRUTH _ TABL 


aos a 


(en een ten iit eee Bie ee 
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MODULE PwrFaze2; 
E 'PwrFaze2' 
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DEVICE 'P18CVv8' 
PIN 2,3,4 
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PwrFaze3; 
"PwrFaze3' 
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DEVICE 'P18CVv8' 
PIN 2,3,4 

PIN 976, 7 

PIN 12,14,16,18 


IsType ‘com! 





-> KnvrtrOut ) 
-> *b0101 ; 
-> *b0101 ; 
-> *b0101 ; 
=>, b0 101¢ 
-> *b0101 ; 
-> *b0101 ; 
-> *b0101 ; 
-> *b0101 ; 
-> *b0101 ; 


-> *BOO00F) ao ML 
-> “p0001l ; “1 
-> “15.00.02. cee ML 
-> “DOW TA 3. Me} 
-> ADOWTAL pI 
-> “b0000 ; "0 


a ee ee 


-> *b0101 ; 
-> *b0101 ; 


-> “BLOT gd. 
-> SDLLOO. 3 ke 
-> “basLOO °C 
-> “b1100 ; "c 
-> “b1100 ; "c 
-> “b1100 ; "c 


re ee ee 


-> *b0101 ; 
-> *b0101 ; 


116 


"set of inputs 
"set of outputs 
"rename constants 


Ce Bee I es Bes Bl oe Bl oe Bl eB ee 


3.1: 
32 


39 
40 


47 
48 


ee) 
56 
57 
58 
59 
60 
61 
62 
63 


25 
26 
27 
28 
29 
30 


33 
34 
35 
36 
37 
38 


41 
42 
43 
44 
45 
46 


49 
50 
SL 
52 
23 
54 
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END PwrFaze3 
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MODULE 





4. MOD6KNTR.ABL 





MOD6KNTR 








.E 'MOD6KNTR' 











AARATIONS 


MOD6KNTR 


"input pins 





CLOCK, COUNT 
"output pins 


x0, y0,z0,x1,yl,zl 
x0,y0,z0,x1,yl,zl1 


EQUATIONS 
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DEVICE 











PIN 


PIN 
IsTyp 


yO := yO&(!COUNT#! (xl&!yl&z1)) 
zO := z0&(!COUNT#! (x1&!ylé&z1) ) 
TEST VECTORS ( [ CLOCK, COUNT 
iF, Gt 1 
[ 2€s 1 
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'COUNT&x1 # COUNT&é!z1&(xl#yl1) 
!COUNT&yl1 # COUNT&!x1 
!COUNT&z1 # COUNTEé!yl1 
xO0& (!COUNT#! (xl&!yl&z1)) # !zO&COUNTE (x1&!y1&z1) & (x0#y0) 
# !xO&COUNTS (x1&!yl&z1) 
# 
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APENDIX C. PARTS LIST 


Appendix C contains the part lists for the Power Supply Op-Amp circuit, Gate- 


Driver circuit, the IGBT and Snubber circuit and for the power unit and converter. 


A. POWER SUPPLY OP-AMP CIRCUIT PARTS LIST 
































































































































Part Name Part Number Value Qty 
Operational Amplifier LM12CL 80 kW 1 
Resistor -- 1.1kQ 1 
Resistor -- 3.3 kQ 1 
Resistor -- 500 1 
Resistor -- 2.20 1 
Capacitor P6710 2200 UF 2 
Capacitor -- 1.5 nF 1 
Diode UF1003 -- 2 
Heat Sink Type 341K -- 2 
Connector, Banana Plug -- -- 2 
Connector, BNC -- a 2 
B. GATE DRIVER CIRCUIT CARD PARTS LIST 

Part Name Part Number Value Qty 
8-Dip PhotoCoupler IGBT TLP250-ND -- 1 
Gate Driver Transformer GDE 25-2 0.650 O 1 
Diode, Rectifier 1N4148MSCT 0.15 A 6 
Capacitor P4966 1.0 pF 1 
Capacitor -- 1.0 uF 4 
Resistor -- 360 QO 1 
Resistor -- 5Q 1 
Connector, BNC -- ue 1 
Connector, 2 Slot ce = 1 
C. IGBT AND SNUBBER CIRCUIT CARD PARTS LIST 

Part Name Part Number Value Qty 
IGBT IRG4PH50KD 25A 1 
Diode, HEXFRED HFA25PB60 25A 1 
Resistor TBH25P10ROJ 10Q 1 
Capacitor P3512 0.018 wF 1 
Diode, Zener 1N4744DICT 15V 2 
Connector, 3 Slot -- -- 1 
Connector, 2 Slot -- -- 1 
Heat Sink, Aluminum Strip -- -- 2 














123 











D. POWER UNIT PARTS LIST 





















































Part Name/Component Part Number Value Qty 
Gate Driver Circuit Card -- -- 1 
IGBT/Snubber Circuit Card -- -- 1 
Posts, Metal Re cE 2 
Heat Sink Type 641K -- 1 
E. CONVERTER PARTS LIST (ONE PHASE) 

Part Name/Component Part Number Value Qty 
Power Unit -- a 8 
Capacitor CGH102T450V3L 1000 uF 4 
Power Diode PRX-N16AA2 -- 4 
Capacitor -- 22 uF 4 
Conduit, Copper -- cm 24 
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